


































A	major	 limitation	to	plant	growth	 is	 the	restricted	access	 to	nutrients	 in	 the	soil.	To	
improve	nutrient	acquisition,	 the	majority	of	 land	plants	enter	a	beneficial	 symbiosis	
with	arbuscular	mycorrhizal	(AM)	fungi.	The	accommodation	of	fungal	hyphae	in	roots	
requires	 the	 extensive	 transcriptional	 reprogramming	 of	 host	 cells.	 Several	 GRAS‐
domain	proteins,	including	NSP1	(NODULATION	SIGNALLING	PATHWAY	1),	NSP2,	and	




and	 RAM1	 during	 AM	 development	 were	 investigated	 by	 detailed	 phenotypic	 and	
transcriptional	analyses	of	the	corresponding	loss‐of‐function	mutants.		
Global	 gene	 expression	 profiling	 of	 nsp1‐1	 revealed	 that	 NSP1	 is	 required	 for	 the	
expression	 of	 a	 large	 number	 of	 genes	 involved	 in	 strigolactone	 and	 gibberellin	
biosynthesis	at	the	pre‐contact	stage	of	AM	development.	Strigolactones	are	known	to	
attract	 the	 fungus	 to	 the	 root.	 In	 line	 with	 this,	 the	 quantification	 of	 mycorrhizal	
structures	 showed	 a	 delay	 in	 mycorrhization	 in	 nsp1‐1.	 Transcriptional	 profiling	




later	 stages	 of	 AM	 symbiosis.	 Mycorrhization	 was	 strongly	 impaired	 in	 ram1‐1,	 and	
transcriptional	profiling	revealed	 that	RAM1	 is	essential	 for	 the	expression	of	several	
genes	 involved	 in	 arbuscule	 development	 and	 the	 nutrient	 exchange	 between	 the	
symbionts.	 Meanwhile,	 the	 exact	 function	 of	 NSP2	 remains	 unclear,	 as	 no	 effect	 on	
mycorrhization	was	observed	in	nsp2‐2	under	the	conditions	tested	here.	These	findings	
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Plants	have	developed	many	sophisticated	strategies	 to	ensure	access	 to	nutrients	 in	
their	environment.	One	successful	approach	to	efficiently	acquire	essential	macro‐	and	
micronutrients	 is	 by	 entering	mutually	 beneficial	 symbioses	with	 soil	microbes.	 The	
oldest	and	most	commonly	established	symbiosis	in	plants	is	the	arbuscular	mycorrhizal	
(AM)	symbiosis,	which	is	formed	by	80‐90%	of	all	land	plant	species	with	fungi	of	the	
phylum	 Glomeromycota	 (Smith	 and	 Read,	 2008).	 In	 the	 AM	 symbiosis,	 the	 obligate	
biotrophic	fungus	receives	fixed	carbon	from	the	plant	and	in	return	delivers	water	and	











estimated	 that	 up	 to	 20%	 of	 the	 plant	 photosynthesis	 products	 are	 consumed	 by	
mycorrhizal	fungi	(Bago	et	al.,	2000).	Thus,	the	AM	symbiosis	plays	a	key	role	in	plant	
nutrition	and	the	global	carbon	cycle	(Harrison,	2005).	
During	 AM	 development,	 fungal	 hyphae	 colonize	 plant	 roots	 and	 form	 an	 intimate	
association	 with	 host	 cells	 by	 penetrating	 the	 cell	 lumen	 and	 developing	 highly	
branched,	tree‐like	structures	called	arbuscules.	Each	hyphal	branch	is	surrounded	by	a	
plant‐derived	membrane,	which	excludes	the	fungal	hyphae	from	the	plant	cytoplasm.	
Arbuscules	 are	 thought	 to	be	 the	 site	 of	 nutrient	 transfer	between	 the	plant	 and	 the	
fungus	 and	 therefore	 play	 a	 critical	 role	 in	 AM	 symbiosis	 (Harrison,	 2012).	 Fossil	
evidence	from	the	Rhynie	chert	in	Scotland	shows	that	arbuscules	were	already	present	
in	some	of	 the	earliest	 land	plants,	and	 it	has	been	proposed	that	 the	symbiosis	with	
mycorrhizal	fungi	was	instrumental	in	enabling	plants	to	colonize	land	450	million	years	
ago	(Remy	et	al.,	1994;	Parniske,	2008;	Humphreys	et	al.,	2010).	In	line	with	this,	several	






exceptions	 exist,	 including	 the	 model	 plant	 Arabidopsis	 thaliana	 and	 most	 other	
















atmospheric	nitrogen	 into	 ammonium,	which	 can	be	used	by	 the	plant	 as	 a	 nitrogen	
source.	 In	 return,	 the	 plant	 delivers	 fixed	 carbon,	 mostly	 in	 the	 form	 of	 malate	 and	
succinate,	to	the	nitrogen‐fixing	bacteria	(Prell	and	Poole,	2006).		























the	 plant	 and	mycorrhizal	 fungi	 in	 the	 soil,	 and	 is	 followed	 by	 the	 growth	 of	 fungal	
hyphae	towards	the	root,	where	they	attach	to	the	root	epidermis	by	forming	specialised	
attachment	 structures	 called	 hyphopodia.	 After	 the	 entry	 of	 fungal	 hyphae	 through	
epidermal	 cells	 into	 the	 underlying	 root	 cell	 layers,	 there	 are	 two	 different	 types	 of	





occur	 (Dickson,	2004).	The	Arum‐type	 colonization	 involves	 the	 spreading	of	hyphae	
between	cortical	cells	before	they	penetrate	an	inner	cortical	cell	to	form	a	terminally	





The	 colonization	 of	 plant	 roots	 by	 fungal	 hyphae	 is	 a	 complex	 and	 tightly	 controlled	
process.	Until	recently,	no	genetic	tools	for	AM	fungi	were	available,	and	thus	very	little	
is	known	about	the	fungal	molecular	mechanisms	that	orchestrate	the	development	of	
mycorrhizal	 infection	 structures	 inside	 plant	 roots.	 On	 the	 host	 plant	 side,	 however,	
research	 in	 recent	 years	 has	 unveiled	 many	 of	 the	 signalling	 and	 cellular	 processes	


































is	 currently	unclear	how	strigolactones	are	perceived	by	AM	 fungi,	however,	 live‐cell	
imaging	showed	that	strigolactones	induce	rapid	and	transient	changes	in	intracellular	
calcium	 levels	 in	 fungal	hyphae,	 suggesting	 that	calcium	signalling	plays	a	role	 in	 the	
perception	of	strigolactones	by	mycorrhizal	fungi	(Moscatiello	et	al.,	2014).	In	addition	
to	 their	 role	 in	 inducing	 hyphal	 growth	 of	 various	 fungi,	 strigolactones	 also	 play	
important	roles	as	endogenous	plant	hormones	in	the	regulation	of	plant	development,	
including	root	and	shoot	architecture	(Al‐Babili	and	Bouwmeester,	2015).		




























formation	 of	 hyphopodia	 (Wang	 et	 al.,	 2012).	 RAM2	 (REQUIRED	 FOR	 ARBUSCULAR	































that	 were	 proposed	 to	 also	 be	 potential	 signalling	 molecules	 (Genre	 et	 al.,	 2013).	




do	 induce	calcium	spiking	 in	 trichoblasts.	Only	when	COs	and	Myc‐LCOs	were	mixed,	
calcium	spiking	was	observed	in	rice	trichoblasts	(Sun	et	al.,	2015).	Thus,	the	individual	
fungal‐derived	signalling	molecules	seem	to	differ	 in	 their	ability	 to	elicit	a	symbiotic	













the	 opposite	 side.	 Simultaneous	 to	 the	 nuclear	 movement	 away	 from	 the	 fungal	















Although	 the	 fungus	 penetrates	 the	 cell	 wall	 to	 enter	 cortical	 cells,	 the	 host	 plasma	
membrane	does	not	 rupture.	 Instead,	 it	 expands	 to	envelop	 the	hyphal	branches	and	
forms	the	so	called	periarbuscular	membrane	(PAM),	which	separates	the	fungal	hyphae	
from	the	host	cytoplasm	(Figure	1.1,	Remy	et	al.,	1994;	Harrison,	2005).	Live	cell	imaging	
of	 the	 arbuscule	 and	 the	 surrounding	membrane	 has	 led	 to	 the	 identification	 of	 two	
different	 PAM	 domains,	which	 are	 defined	 based	 on	 their	 location	 and	 their	 protein	
composition	(Pumplin	and	Harrison,	2009).	The	trunk	domain	of	the	PAM	surrounds	the	
broad	 arbuscule	 trunk	 and	 contains	 proteins	 that	 are	 also	 present	 in	 the	 plasma	
membrane,	whereas	the	branch	domain	of	the	PAM	envelops	the	fine	hyphal	branches	
of	 the	arbuscule	and	harbours	a	 specialized	set	of	proteins	 that	mediate	 the	nutrient	









Similar	 to	 the	 hyphal	 colonization	 of	 the	 epidermis,	 arbuscule	 development	 in	 inner	
cortical	cells	also	involves	the	fungal	penetration	of	the	cell	 lumen.	 It	 is	therefore	not	
surprising	that	analogous	cellular	rearrangements,	including	nuclear	migration	and	PPA	
formation,	 are	 observed	 during	 the	 early	 steps	 of	 arbuscule	 formation	 (Genre	 et	 al.,	
2008).	In	the	Arum‐type	colonization,	however,	the	fungal	hyphae	do	not	cross	the	inner	
cortical	cells	entirely	as	they	do	in	epidermal	and	outer	cortical	cells,	but	grow	towards	
the	 centre	 of	 the	 cell	 to	 terminally	 differentiate	 into	 arbuscules	 by	 extensive	
dichotomous	branching.	To	achieve	this,	the	nucleus	positions	itself	at	the	centre	of	the	
inner	cortical	cell,	where	the	PPA	connects	 it	with	 the	site	of	hyphal	contact	 to	allow	







form	 the	 branch	 domain	 of	 the	 arbuscule	 (Genre	 et	 al.,	 2008).	 After	 completion	 of	
arbuscule	 development,	 the	 cytoskeleton	 reorganizes	 to	 connect	 the	 fine	 arbuscule	
branches	(Genre	and	Bonfante,	1998;	Genre	et	al.,	2008).	In	addition,	components	of	the	






In	 addition,	 PAM‐localised	 proteins,	 such	 as	 the	 phosphate	 transporters,	 have	 to	 be	
secreted	and	incorporated	into	the	new	membrane	to	achieve	the	specialised	membrane	






and	 colleagues	 have	 demonstrated	 that	 two	 members	 of	 the	 exocytotic	 vesicle‐
associated	 membrane	 proteins	 (VAMPs),	 the	 two	 v‐SNARE	 proteins	 VAMP721d	 and	




proposed	 to	 be	 involved	 in	 arbuscule	 development	 based	 on	 its	 localization	 around	
developing	arbuscule	branches	(Genre	2012).	In	accordance	with	this,	a	recent	study	by	
Zhang	and	colleagues	has	found	that	the	EXO70I	subunit	of	the	exocyst	is	required	for	
mycorrhization.	Plants	 carrying	 a	mutation	 in	EXO70I	are	not	 able	 to	 form	 the	 finely	
branched	 hyphae	 in	 the	 branch	 domain	 of	 arbuscules,	 resulting	 in	 an	 early	 arrest	 of	









branch	domain;	however,	 this	remains	 to	be	 investigated.	 Interestingly,	 several	other	
EXO70s	 are	 transcriptionally	 induced	 in	 cells	harbouring	arbuscules,	 and	 it	has	been	
hypothesised	that	arbuscule	formation	might	depend	on	the	concerted	action	of	multiple	
EXO70	 subunits	 potentially	 active	 at	 different	 stages	 during	 arbuscule	 development	
(Zhang	et	al.,	2015).		
EXO70I	was	found	to	partially	co‐localize	and	physically	interact	with	a	plant‐specific	






al.,	 2007;	 Feddermann	 et	 al.,	 2010;	 Pumplin	 et	 al.,	 2010;	 Murray	 et	 al.,	 2011).	 The	
VAPYRIN	 protein	 contains	 two	 different	 domains,	 an	 amino‐terminal	 major	 sperm	
protein	(MSP)	domain	that	 is	also	present	 in	VAMP‐associated	proteins	 (VAPs)	and	a	
carboxy‐terminal	 ankyrin	 domain.	 Both	 domains	 have	 been	 predicted	 to	 mediate	
protein‐protein	 interactions	 (Feddermann	 et	 al.,	 2010;	 Pumplin	 et	 al.,	 2010).	 The	
VAPYRIN	protein	is	present	in	the	cytoplasm	as	small	puncta,	and	it	has	been	proposed	
that	 this	 punctuate	 pattern	 stems	 from	 the	 association	 of	 VAPYRIN	 with	 vesicles,	
potentially	originating	from	the	vacuole	(Feddermann	et	al.,	2010;	Pumplin	et	al.,	2010).	











localized	 proteins	 under	 promoters	 that	 are	 induced	 at	 different	 stages	 of	 arbuscule	







findings	 imply	 that	 the	 proper	 deposition	 of	 proteins	 into	 the	 different	 arbuscule	







et	 al.,	 1989,	 Kobae	 and	 Hata	 2010).	 In	 a	 functional	 symbiosis,	 the	 degeneration	 of	
arbuscules	 is	 accompanied	 by	 recolonization	 of	 the	 root	 and	 formation	 of	 new	
arbuscules,	 resulting	 in	 simultaneous	 cycles	 of	 arbuscule	 formation	 and	degradation.	
Signs	 of	 degenerating	 arbuscules	 include	 the	 rapid	 shrinkage	 of	 the	 highly	 branched	
fungal	 hyphae,	 followed	by	 the	 degeneration	 of	 the	PAM	and	PAM‐localized	proteins	
(Kobae	 et	 al.,	 2010).	 Several	 host	 cellular	 changes	 have	 been	 found	 to	 accompany	
arbuscule	collapse.	Most	Golgi	vesicles	were	shown	to	redistribute	to	the	periphery	of	
the	cell,	while	the	accumulation	of	the	ER	around	the	arbuscule	branches	that	is	observed	
during	 arbuscule	 formation	 is	 also	maintained	 in	 cells	with	 degenerating	 arbuscules	
(Pumplin	and	Harrison,	2009).	Peroxisomes	accumulate	around	collapsing	arbuscules	
and	 stay	 closely	 associated	 with	 arbuscule	 branches	 (Pumplin	 and	 Harrison,	 2009),	
possibly	 assisting	 in	 the	 active	 breakdown	 of	 lipids.	 Alternatively,	 it	 has	 been	
hypothesised	that	peroxisomes	might	be	important	to	protect	the	host	plant	cell	from	
potential	 damage	 by	 sequestering	 reactive	 oxygen	 species	 (Pumplin	 and	 Harrison,	
2009).	Together,	these	observations	propose	that	arbuscule	degeneration	is	a	regulated,	
active	 process	 ensuring	 that	 the	 host	 cells	 remain	 alive	 during	 and	 after	 arbuscule	
collapse	to	be	recolonized	later	on.		
It	is	currently	unclear	why	arbuscules	are	recycled	so	quickly	in	mycorrhized	roots,	as	
the	 degradation	 and	 formation	 of	 new	 arbuscules	 is	 a	 very	 costly	 process	 for	 both	
symbiotic	partners.	Interestingly,	plants	that	carry	a	mutation	in	the	transporters	that	
mediate	 phosphate	 uptake	 across	 the	 PAM	 show	 a	 premature	 degeneration	 of	












The	 main	 function	 of	 the	 AM	 symbiosis	 is	 the	 exchange	 of	 nutrients	 between	 the	
symbiotic	 partners,	 where	 the	 plant	 delivers	 photosynthetically	 fixed	 carbon	 to	 the	
fungus,	while	receiving	water	and	mineral	nutrients	taken	up	by	fungal	hyphae	from	the	
soil.	In	addition	to	enhancing	nutrient	uptake,	the	AM	symbiosis	has	also	been	described	





Gutjahr,	 2014).	 Split	 root	 experiments	 have	 shown	 that	 high	 levels	 of	 phosphate	
suppress	 AM	 development,	 even	 when	 only	 half	 of	 the	 root	 system	 is	 treated	 with	
phosphate,	 indicating	 that	 systemic	 signals	 are	 involved	 in	 the	 phosphate‐mediated	
inhibition	 of	 mycorrhization	 (Breuillin	 et	 al.,	 2010;	 Balzergue	 et	 al.,	 2011).	 The	
suppression	of	fungal	colonization	under	high	nutrient	conditions	might	be	a	mechanism	
by	which	 the	 plant	minimizes	 the	 amount	 of	 fixed	 carbon	 that	 is	 transported	 to	 the	
fungus	to	ensure	that	the	costs	of	AM	symbiosis	do	not	outweigh	the	benefits	(Gutjahr	
and	 Parniske,	 2013).	 However,	 the	 exact	 molecular	 processes	 that	 underlie	 the	







nutrients	 much	 more	 efficiently	 than	 plant	 roots,	 and	 mycorrhization	 significantly	







to	 the	 fungus	 (Ames	 et	 al.,	 1983;	 Harrison	 and	 van	 Buuren,	 1995;	 Pao	 et	 al.,	 1998;	
Maldonado‐Mendoza	 et	 al.,	 2001;	 Benedetto	 et	 al.,	 2005;	 Govindarajulu	 et	 al.,	 2005;	
Lopez‐Pedrosa	et	al.,	2006;	Fiorilli	et	al.,	2013).	After	uptake	into	the	fungal	mycelium,	
phosphate	and	nitrogen	are	transported	in	the	form	of	polyphosphates	and	arginine	to	
the	 arbuscules,	 where	 they	 are	 released	 into	 the	 PAS	 as	 phosphate	 and	 ammonium,	
respectively	(Ezawa	et	al.,	2002;	Govindarajulu	et	al.,	2005;	Tanaka	and	Yano,	2005;	Cruz	
et	al.,	2007;	Hijikata	et	al.,	2010).	It	is	currently	unclear	whether	the	release	of	nutrients	
from	 the	 fungus	 into	 the	 PAS	 is	 a	 passive	 process	 or	 is	 actively	mediated	 by	 as	 yet	
unidentified	fungal	transporters.		
The	plant	phosphate	transporters	that	mediate	the	uptake	of	phosphate	across	the	PAM	
have	 been	 studied	 extensively	 and	 are	 well	 characterized	 in	 several	 plant	 species,	
including	M.	 truncatula,	 potato,	 and	 rice	 (Rausch	 et	 al.,	 2001,	 Harrison	 et	 al.,	 2002;	
Paszkowski	et	al.,	2002;	Nagy	et	al.,	2005;	Maeda	et	al.,	2006;	Javot	et	al.,	2007;	Yang	and	
Paszkowski,	 2011;	 Tamura	 et	 al.,	 2012;	 Yang	 et	 al.,	 2012;	 Xie	 et	 al.,	 2013;	 Breuillin‐
Sessoms	et	al.,	2015).	They	belong	to	the	family	of	phosphate	transporter	1	(Pht1)	proton	
symporters	and	many	of	them	were	shown	to	complement	yeast	phosphate	transport	
mutants,	 confirming	 that	 they	 are	 indeed	 able	 to	 transport	phosphate	 (Rausch	 et	 al.,	
2001;	Harrison	et	al.,	2002;	Paszkowski	et	al.,	2002;	Tamura	et	al.,	2012;	Xie	et	al.,	2013).	
The	 M.	 truncatula	 PT4	 transporter	 and	 its	 homologs	 in	 rice	 and	 soybean	 localize	
specifically	 to	 the	 branch	 domain	 of	 the	 PAM	 (Harrison	 et	 al.,	 2002;	 Pumplin	 and	
Harrison,	2009;	Kobae	and	Hata,	2010;	Tamura	et	al.,	2012).	Furthermore,	it	was	shown	
that	MtPT4	is	essential	for	phosphate	transfer	from	the	fungus	to	the	plant	as	well	as	for	
the	 maintenance	 of	 a	 functional	 AM	 symbiosis,	 as	 arbuscules	 in	 mutant	 plants	
degenerate	prematurely	and	the	symbiosis	is	aborted	(Javot	et	al.,	2007).	Interestingly,	
the	 mycorrhizal	 phenotype	 of	 Mtpt4	 mutants	 can	 be	 suppressed	 by	 low	 nitrogen	
conditions	(Javot	et	al.,	2011).	Based	on	these	findings,	it	has	been	hypothesised	that	not	
only	 phosphate,	 but	 also	 nitrogen	 transfer	 to	 the	 plant	 acts	 as	 a	 signal	 to	 support	
arbuscule	survival	and	maintain	the	symbiosis	with	AM	fungi	(Javot	et	al.,	2011).	
Although	phosphate	is	thought	to	be	the	most	important	mineral	nutrient	transported	
in	 AM	 symbiosis,	 there	 is	 also	 evidence	 for	 substantial	 amounts	 of	 nitrogen	 being	
transferred	to	mycorrhized	roots	(Tanaka	and	Yano,	2005;	Leigh	et	al.,	2009).	Labelling	





(Govindarajulu	 et	 al.,	 2005;	Cruz	 et	 al.,	 2007).	 Consistent	with	 this,	 plant	 ammonium	







found	 to	 be	 required	 for	 the	 suppression	 of	 premature	 arbuscule	 degeneration	 in	
nitrogen‐deprived	Mtpt4	 mutant	 roots	 (Breuillin‐Sessoms	 et	 al.,	 2015).	 Remarkably,	
AMT2‐3	is	not	able	to	complement	a	yeast	ammonium	transport	mutant	and	is	therefore	
unlikely	to	transport	ammonium	across	the	PAM.	Instead,	AMT2‐3	has	been	speculated	
to	 have	 a	 signalling	 function	 to	 inform	 the	 plant	 about	 the	 nutrient	 status	 and	
accordingly	 regulate	 arbuscule	 maintenance.	 Similarly,	 the	 mycorrhizal‐induced	 rice	
phosphate	transporter	PT13	was	suggested	to	function	in	sensing	phosphate	levels,	as	
PT13	does	not	seem	to	be	able	to	transport	phosphate,	but	is	still	required	for	proper	




The	active	 transport	of	nutrients	 across	a	plant	membrane	 requires	 energy,	which	 is	






impaired	 in	 the	 symbiotic	 transfer	 of	 phosphate	 to	 the	 plant.	 Furthermore,	











In	 exchange	 for	 obtaining	 water	 and	 mineral	 nutrients,	 plants	 transfer	
photosynthetically	fixed	carbon	to	AM	fungi,	which	are	obligate	biotrophs	and	therefore	
depend	entirely	on	the	plant	for	a	carbon	source	(Ho	and	Trappe,	1973;	Shachar‐Hill	et	
al.,	 1995;	 Parniske,	 2008).	 It	 is	 thought	 that	 up	 to	 20%	 of	 plant	 photosynthates	 are	
allocated	to	the	fungus	(Bago	et	al.,	2000).	The	carbon	sink	strength	of	roots	is	greatly	
increased	upon	mycorrhization,	resulting	in	the	redirection	of	photoassimilates	towards	
mycorrhized	 roots	 and	 a	 significant	 accumulation	 of	 sugars	 and	 lipids	 (Wright	 et	 al.,	
1998).	 Consistent	with	 this,	 sucrose	 cleaving	 enzymes	 such	 as	 sucrose	 synthase	 and	
invertases	are	transcriptionally	upregulated	during	AM	symbiosis,	and	knockdown	or	
loss	of	these	enzymes	leads	to	impaired	fungal	colonization	and	arbuscule	development	
in	clover,	 tobacco,	M.	 truncatula	 and	 tomato	(Blee	and	Anderson,	1998;	Wright	et	al.,	
1998;	Hohnjec	et	al.,	2003;	Schaarschmidt	et	al.,	2006;	Baier	et	al.,	2010).	Furthermore,	










in	 mycorrhized	 roots	 and	 proposes	 cleaved	 sucrose	 as	 a	 possible	 source	 of	
carbohydrates	 delivered	 to	 the	 fungus	 (Helber	 et	 al.,	 2011).	 The	 identification	 and	
characterization	of	the	mycorrhizal‐induced	high‐affinity	monosaccharide	transporter	
MST2	 from	 the	 AM	 fungus	 Rhizophagus	 irregularis	 has	 further	 advanced	 our	
understanding	 of	 carbon	 transfer	 in	 AM	 symbiosis	 (Helber	 et	 al.,	 2011).	
Complementation	of	a	yeast	transport	mutant	confirmed	that	MST2	is	able	to	transport	
monosaccharides	such	as	glucose,	mannose,	and	fructose.	Interestingly,	MST2	was	also	







MST2	 indicates	 that	 sugar	 uptake	 takes	 place	 in	 arbuscules	 and	 possibly	 also	 in	
intraradical	hyphae,	as	transcripts	were	shown	to	be	present	in	both	fungal	structures	
(Helber	et	al.,	2011).		
After	 sugars	 are	 taken	 up	 into	 the	 intraradical	mycelium,	 they	 are	 incorporated	 into	











the	expression	of	 fungal	 fatty	acid	synthase	genes	might	be	 induced	(Trépanier	et	al.,	
2005).	However,	 a	 recent	 study	 investigating	 lipid	biosynthesis	and	metabolism	 in	R.	
irregularis	did	not	find	a	gene	encoding	for	a	de	novo	fatty	acid	synthase	in	the	genome	











pathway	 (CSSP	 or	 common	 Sym	 pathway;	 Kistner	 and	 Parniske,	 2002).	 A	 central	






Myc	 factors	 from	 AM	 fungi	 and	 Nod	 factors	 released	 by	 rhizobial	 bacteria.	 This	
characteristic	 calcium	 response	 is	 believed	 to	 activate	 the	 calcium‐	 and	 calmodulin‐
dependent	 serine/threonine	 protein	 kinase	 CCaMK	 and	 this	 in	 turn	 triggers	 the	
transcriptional	 changes	 downstream	 of	 the	 Sym	 pathway	 (Oldroyd,	 2013).	 Plants	
carrying	mutations	in	components	of	the	common	Sym	pathway	are	typically	unable	to	
enter	a	successful	symbiosis	with	AM	fungi	or	rhizobial	bacteria	(Catoira	et	al.,	2000;	
Kistner	 et	 al.,	 2005),	 highlighting	 the	 crucial	 role	 of	 this	 signalling	 pathway	 for	 the	
establishment	of	these	symbioses.		
High‐frequency	calcium	oscillations	are	induced	by	diffusible	fungal	signals	in	root	cells	
prior	 to	 the	direct	 contact	between	 fungal	hyphae	and	 the	root	 (described	 in	Section	
1.2.1.2),	indicating	that	the	common	SYM	pathway	is	involved	in	the	regulation	of	AM	





cell	 entry	 by	 fungal	 hyphae	 is	 associated	 with	 a	 transient	 switch	 to	 high‐frequency	
calcium	spiking	(Sieberer	et	al.,	2012).	In	addition,	several	members	of	the	SYM	pathway	








called	 NFR5	 (Nod	 factor	 receptor	 5)	 and	 NFR1	 in	 L.	 japonicus	 and	 NFP	 (Nod	 factor	
perception)	and	LYK3	(LysM	domain‐containing	receptor‐like	kinase	3)	in	M.	truncatula	














defect	 in	 arbuscule	 formation	 (Op	 den	 Camp	 et	 al.,	 2011;	 Buendia	 et	 al.,	 2016).	 In	
legumes,	the	gene	encoding	for	NFP	has	been	duplicated,	and	the	resulting	paralog	might	
act	 redundantly	 during	 AM	 symbiosis,	 perhaps	 explaining	 the	 lack	 of	 a	 mycorrhizal	
phenotype	in	legume	nfp	mutants	(Op	den	Camp	et	al.,	2011).	In	addition	to	NFR5/NFP	
in	non‐leguminous	species,	NFR1	in	L.	japonicus	and	its	homologs	LYK3	in	M.	truncatula	
and	 CERK1	 in	 rice	 were	 found	 to	 also	 play	 a	 role	 in	 AM	 development,	 as	 the	
corresponding	 loss‐of‐function	 mutants	 display	 reduced	 levels	 of	 mycorrhizal	





signalling	molecules	 released	 by	mycorrhizal	 fungi,	 and	 how	 this	 recognition	 differs	
from	Nod	factor	recognition	and	immune	signalling.	
In	 addition	 to	 the	 LysM	 receptor‐like	 kinases,	 another	 plasma‐membrane	 localised	
protein	 called	 SYMRK	 (SYMBIOSIS	 RECEPTOR	 KINASE)	 in	 L.	 japonicus	 and	 DMI2	















of	 secondary	 messengers	 or	 activation	 of	 signalling	 cascades	 have	 been	 proposed,	





act	 downstream	 of	 NFP,	 but	 upstream	 of	 the	 nuclear	 calcium	 spiking	 machinery	
(Venkateshwaran	 et	 al.,	 2015).	 Interestingly,	 mevalonate,	 the	 product	 of	 HMGR1,	
appears	to	be	sufficient	to	activate	calcium	oscillations	in	root	epidermal	cells	of	several	
species,	 further	 supporting	 a	 role	 of	 this	 secondary	messenger	 in	 the	 common	 SYM	
pathway	(Venkateshwaran	et	al.,	2015).		
For	a	long	time,	the	identity	of	the	channel	that	is	responsible	for	the	release	of	calcium	










calcium	 channel,	 DMI1	 and	 its	 homologs	 POLLUX	 and	 CASTOR	 in	 L.	 japonicus	 are	
localized	to	the	nuclear	membrane	and	are	indispensable	for	the	induction	of	calcium	
spiking	(Ané	et	al.,	2004;	Peiter	et	al.,	2007;	Charpentier	et	al.,	2008;	Capoen	et	al.,	2011).	
These	 ion	 channels	were	 found	 to	be	preferentially	permeable	 to	potassium,	making	
them	unlikely	to	be	directly	 involved	in	the	release	of	calcium	during	calcium	spiking	
(Charpentier	 et	 al.,	 2008).	 Instead,	 mathematical	 modelling	 and	 yeast	 expression	
analyses	 suggest	 that	DMI1/POLLUX	and	CASTOR	might	modulate	 the	 activity	 of	 the	












in	 the	re‐uptake	of	 released	nuclear	calcium	 ions	 (Capoen	et	al.,	2011).	Furthermore,	
three	 members	 of	 the	 nuclear	 pore	 complex	 in	 L.	 japonicus,	 NUCLEOPORIN85,	










mycorrhizal	 fungi	 or	 rhizobial	 bacteria,	 yet	 the	 induction	 of	 calcium	 spiking	 is	 not	





kinase	 domain,	 plant	 CCaMKs	 also	 possess	 three	 calcium‐binding	 EF	 hands	 at	 their	
carboxyl	terminus.	These	features	enable	CCaMK	to	be	regulated	by	both	calcium	bound	
to	calmodulin	and	free	calcium.	It	has	been	proposed	that	during	symbiosis	signalling,	
the	 nuclear‐localized	 CCaMK	 is	 able	 to	 decode	 calcium	 oscillations	 by	 undergoing	 a	
calcium	dependent	two	step	activation	(Lévy	et	al.,	2004).	The	generation	of	truncated	



















blocks	 Thr‐271	 phosphorylation	 and	 induces	 a	 conformational	 change,	 thereby	





concentrations	 are	 required	 for	 the	 binding	 of	 a	 CaM/calcium	 complex	 to	 the	 CaM	
binding	domain	(Swainsbury	et	al.,	2012).	Together,	these	findings	provide	a	model	for	
activation	of	CCaMK	during	calcium	spiking,	where	basal	levels	of	calcium	inhibit	CCaMK	












formation	 of	 host	 pre‐infection	 structures	 required	 for	 the	 establishment	 of	 AM	
associations	 (Takeda	 et	 al.,	 2012).	 In	 addition,	 gain‐of‐function	 CCaMK	was	 found	 to	
activate	 the	 expression	 of	 genes	 that	 are	 induced	 early	 during	 nodulation	 and	
mycorrhization	(Gleason	et	al.,	2006;	Takeda	et	al.,	2012).	Mutant	analyses	showed	that	












host	 cells.	 The	 establishment	 of	 root	 symbioses	 requires	 extensive	 changes	 in	 gene	
expression	to	ensure	the	proper	accommodation	of	the	symbiotic	partners,	and	during	







and	 rhizobia,	 specificity	 in	 symbiosis	 signalling	 is	maintained,	 resulting	 in	 either	 the	
promotion	 of	 fungal	 colonization	 or	 the	 formation	 of	 nodules.	 The	 developmental	
similarities	and	differences	of	both	symbioses	are	reflected	in	the	transcription	patterns	
of	 host	 cells,	 with	mycorrhization	 and	 nodulation	 inducing	 both	 common	 as	well	 as	
specific	sets	of	genes	(Manthey	and	Krajinski	2004;	Hohnjec	et	al.,	2005;	Küster	et	al.,	
2007).	 A	 study	 investigating	 the	 gene	 expression	 patterns	 of	M.	 truncatula	 roots	 in	
response	to	individual	Nod	factors	and	Myc	factors	found	that	all	individual	LCOs	tested	
(Nod	 factors,	S‐LCOs,	NS‐LCOs,	and	a	mix	of	S‐LCOs	and	NS‐LCOs)	are	able	 to	 trigger	













et	 al.,	 2011;	 Czaja	 et	 al.,	 2012).	 The	 importance	 of	 the	 common	 Sym	 pathway	 in	
symbiosis‐induced	 gene	 expression	 is	 further	 highlighted	 by	 the	 observation	 that	
autoactive	 CCaMK	 is	 able	 to	 trigger	 the	 induction	 of	 a	 number	 of	 symbiotic	 genes	
(Gleason	et	 al.,	 2006;	Takeda	et	 al.,	 2012).	Meanwhile,	 several	 studies	have	provided	
evidence	 for	 Sym	 pathway‐independent	 gene	 induction,	 indicating	 that	 parallel	
signalling	pathways	must	act	during	symbiosis	(Kosuta	et	al.,	2003;	Siciliano	et	al.,	2007;	
Gutjahr	et	al.,	2008;	Kuhn	et	al.,	2010).	It	is	likely	that	these	parallel	signalling	pathways	
contribute	 to	 the	 observed	 specificity	 in	 the	 transcriptional	 response	 to	mycorrhizal	
fungi	and	rhizobia.	A	recent	study	has	identified	some	components	of	a	putative	parallel	
signalling	 pathway	 required	 for	 the	 establishment	 of	 AM	 symbiosis.	 This	 pathway	
involves	the	rice	receptor	DWARF14LIKE	(D14L),	which	has	been	shown	to	be	essential	
for	 the	 recognition	 of	 mycorrhizal	 fungi	 at	 the	 pre‐symbiotic	 stage	 of	 the	 symbiosis	
(Gutjahr	et	al.,	2015).	Fungal	colonization	and	the	transcriptional	changes	in	response	to	








the	 transcriptional	 reprogramming	 during	 AM	 development	 and	 act	 downstream	 of	
calcium	spiking	and	decoding	by	CCaMK.	A	key	transcription	factor	is	a	nuclear	coiled‐
coil	protein	called	IPD3	(INTERACTING	PROTEIN	OF	DMI3)	in	M.	truncatula	(CYCLOPS	
in	 L.	 japonicus),	 which	 is	 required	 for	 the	 successful	 establishment	 of	 both	 the	
mycorrhizal	and	the	root‐nodule	symbiosis	(Messinese	et	al.,	2007;	Yano	et	al.,	2008).	In	
addition,	 the	 family	 of	 the	 GRAS‐domain	 proteins	 have	 emerged	 as	 important	















showing	 abnormal	 swelling	 in	 the	 epidermis	 and	 cortex	 and	 a	 failure	 to	 develop	
arbuscules	 in	 the	 cortex	 (Yano	 et	 al.,	 2008).	 In	 addition,	 CYCLOPS	 was	 found	 to	 be	
important	 for	 infection	 thread	 formation	 during	 root	 nodule	 symbiosis.	 While	 M.	
truncatula	IPD3	also	plays	a	role	in	infection	thread	progression	during	nodulation,	the	
phenotype	 of	 ipd3	 mutants	 is	 much	 weaker	 for	 nodule	 organogenesis	 and	 AM	






protein.	 It	 has	 been	 shown	 that	 CYCLOPS	 is	 able	 to	 directly	 bind	DNA	 and	 acts	 as	 a	
transcription	 factor	 to	 induce	 the	 expression	 of	 NIN	 (NODULE	 INCEPTION),	 a	 gene	
playing	a	key	role	in	nodulation	(Schauser	et	al.,	1999;	Singh	et	al.,	2014).	CCaMK	was	
found	to	phosphorylate	two	serine	residues	of	CYCLOPS,	resulting	in	the	activation	of	
CYCLOPS	 (Singh	 et	 al.,	 2014).	 Intriguingly,	 phosphomimetic	 replacement	 of	 the	 two	
serine	residues	results	in	a	gain‐of‐function	version	of	CYCLOPS	(CYCLOPS‐DD)	that	is	
able	to	trigger	not	only	NIN	expression,	but	also	spontaneous	nodule	formation	in	the	
absence	 of	 rhizobia	 similar	 to	 autoactive	 CCaMK	 (Singh	 et	 al.,	 2014).	 In	 addition	 to	
regulating	NIN,	 CYCLOPS	 has	 recently	 been	 found	 to	 also	 induce	 the	 expression	 of	 a	
GRAS‐domain	protein	called	RAM1	(REQUIRED	FOR	ARBUSCULAR	MYCORRHIZATION	1),	
which	 itself	 acts	 as	 a	 transcriptional	 regulator	 and	 is	 specifically	 involved	 in	 AM	
symbiosis	(Gobbato	et	al.,	2012;	Pimprikar	et	al.,	2016).	The	overexpression	of	RAM1	in	
cyclops	 mutants	 restores	 the	 arbuscular	 defect,	 further	 confirming	 that	 RAM1	 acts	








GRAS‐domain	 proteins	 belong	 to	 a	 large	 family	 of	 plant‐specific	 proteins	 that	 are	
characterized	by	the	presence	of	a	conserved	GRAS	domain	at	their	C‐terminus	(Bolle,	
2004).	 The	 GRAS	 domain	 consists	 of	 several	 motifs,	 namely	 two	 leucine‐rich	 repeat	
motifs	(LHRI	and	LHRII),	a	VHIID	motif,	a	PFYRE	motif,	and	a	SAW	motif	(all	termed	after	
the	most	 conserved	 amino	 acid	 residues	 present	 in	 these	motifs).	 In	 contrast	 to	 the	
relatively	well	conserved	C‐terminus,	the	N‐terminus	of	GRAS‐domain	proteins	is	highly	
variable.	GRAS‐domain	proteins	were	named	after	 the	 first	 three	members	 identified	
(GAI,	 RGA	 and	 SCR)	 and	 function	 in	 a	 range	 of	 different	 plant	 processes,	 including	
gibberellic	 acid	 signalling,	 root	 and	 shoot	 development,	 abiotic	 stress,	 and	 light	
signalling	(Bolle,	2004).		
Two	 members	 of	 the	 GRAS‐domain	 protein	 family	 in	 legumes,	 NSP1	 (NODULATION	









NSP1	are	 involved	 in	 the	direct	binding	of	 this	protein	 to	 the	promoter	sequences	of	
symbiotic	genes	(Hirsch	et	al.,	2009).	Importantly,	NSP1	was	found	to	require	NSP2	to	
be	 able	 to	 bind	 to	 these	 target	 promoters	 in	 vivo	 (Hirsch	 et	 al.,	 2009),	 and	 only	 the	






rice	 homologs	 OsNSP1	 and	 OsNSP2	 are	 able	 to	 fully	 complement	 the	 nodulation	














direct	control	of	strigolactone	 levels	 (Liu	et	al.,	2011).	 Interestingly,	 the	regulation	of	
strigolactone	biosynthesis	by	NSP1	and	NSP2	seems	to	be	independent	of	the	common	
Sym	 pathway,	 indicating	 that	 NSP1	 and	 NSP2	 might	 be	 activated	 by	 an	 alternative	




The	 first	 transcription	 factor	 that	 was	 found	 to	 function	 specifically	 in	 mycorrhizal	
signalling	was	RAM1	 (Gobbato	et	 al.,	 2012).	RAM1	 is	 a	member	of	 the	GRAS‐domain	
protein	 family	 and	 shows	 a	 strong	 transcriptional	 induction	 in	 mycorrhized	 roots	
(Gobbato	et	al.,	2012,	2013).	Plants	mutated	in	RAM1	display	severely	reduced	levels	of	










regulation	 of	 several	 genes	 important	 for	 arbuscule	 development,	 including	 STR	 and	
EXO70I,	but	it	is	not	yet	clear	whether	these	genes	are	directly	or	indirectly	regulated	by	
RAM1	 (Rich	 et	 al.,	 2015;	 Park	 et	 al.,	 2015).	 Using	 bimolecular	 fluorescence	









called	RAD1	(REQUIRED	FOR	ARBUSCULE	DEVELOPMENT	1)	 is	 important	 for	 fungal	
colonization	and	arbuscule	development	(Xue	et	al.,	2015).	Due	to	the	high	occurrence	
of	degenerated	arbuscules	in	rad1	mutants,	it	has	been	suggested	that	RAD1	is	required	
for	 maintaining	 the	 mycorrhizal	 symbiosis	 (Park	 et	 al.,	 2015;	 Xue	 et	 al.,	 2015).	
Interestingly,	 RAD1	 is	 able	 to	 form	 a	 complex	with	 RAM1	 and	NSP2	 in	 vivo	 and	 has	
therefore	been	proposed	to	contribute	to	the	regulation	of	mycorrhizal	genes	such	as	
RAM2	(Xue	et	al.,	2015).		







were	 found	 to	be	 required	 for	 arbuscule	 formation	during	AM	symbiosis,	 but	do	not	
appear	to	be	involved	in	the	formation	of	hyphopodia	(Floss	et	al.,	2013;	Yu	et	al.,	2014).	
In	 accordance	with	 the	 antagonizing	 function	 of	 DELLAs	 and	 gibberellic	 acid,	 it	 was	
shown	that	while	DELLA	proteins	play	a	positive	regulatory	role	 in	AM	development,	





effects	 on	 the	 colonization	 of	 host	 roots	 by	 AM	 fungi	 (Takeda	 et	 al.,	 2015).	 DELLA	




transcriptional	 induction	 of	 RAM1	 (Pimprikar	 et	 al.,	 2016).	 Furthermore,	 the	








A	 study	 in	 rice	 identified	DIP1	 (DELLA	 INTERACTING	 PROTEIN	 1)	 as	 an	 interaction	
partner	of	the	single	rice	DELLA	protein	SLR1	(Yu	et	al.,	2014).	DIP1	is	also	a	member	of	
the	GRAS‐domain	protein	family	and	RNAi	knockdown	of	this	gene	results	in	a	decrease	




A	 GRAS‐domain	 protein	 called	 MIG1	 (MYCORRHIZA‐INDUCED	 GRAS	 1)	 has	 recently	
been	 found	to	regulate	radial	cell	expansion	 in	 the	cortex	 to	enable	proper	arbuscule	
formation	 in	 M.	 truncatula	 roots	 (Heck	 et	 al.,	 2016).	 Consequently,	 arbuscule	
development	 is	 impaired	when	MIG1	 is	 transcriptionally	 silenced.	 Intriguingly,	MIG1	
appears	 to	 be	 able	 to	 interact	with	 DELLA1,	 and	 it	 has	 been	 proposed	 that	 a	MIG1‐
DELLA1	 complex	 regulates	 root	 development	 to	 accommodate	 the	 fungal	 infection	
structures	during	AM	symbiosis	 (Heck	et	al.,	2016).	MIG1	belongs	 to	a	novel	clade	of	
GRAS‐domain	proteins	that	is	absent	in	the	non‐host	A.	thaliana,	and	several	members	
of	 this	 clade	 are	 transcriptionally	 upregulated	 during	 mycorrhizal	 colonization,	
suggesting	that	additional	GRAS‐domain	proteins	could	play	a	role	in	AM	development	
(Heck	et	al.,	2016).	
The	 characterisation	 of	 plants	 carrying	 mutations	 in	 the	 DELLAs	 show	 that	 these	
proteins	not	only	act	during	the	establishment	of	AM	symbiosis,	but	are	also	required	for	
infection	 thread	 formation	 and	 nodule	 development	 in	 the	 symbiosis	 with	 rhizobial	
bacteria	(Jin	et	al.,	2016;	Fonouni‐Farde	et	al.,	2016).	Interestingly,	DELLA	proteins	were	
shown	 to	 interact	with	NSP2	 and	 enhance	 the	 induction	 of	ERN1	 by	 the	NSP1‐NSP2	
complex	in	a	transactivation	assay	in	A.	thaliana	protoplasts	(Jin	et	al.,	2015;	Fonouni‐
Farde	et	al.,	2016).	Thus,	DELLAs	appear	to	be	involved	in	several	transcription	factor	
complexes	 that	 regulate	 gene	 expression	 during	 the	 establishment	 of	 both	
mycorrhization	and	nodulation.	
Together,	 these	 findings	 show	 that	 a	 large	 number	 of	 GRAS‐domain	 proteins	 are	







be	 essential	 for	 the	 upregulation	 of	 rhizobial‐responsive	 genes	 such	 as	 ERN1	 and	
ENOD11	(Hirsch	et	al.,	2009;	Cerri	et	al.,	2012).	It	is	likely	that	in	a	similar	way,	complex	
formation	 is	 a	 pre‐requisite	 for	 the	 function	 of	 GRAS‐domain	 proteins	 during	
mycorrhization,	 and	 that	 different	 complexes	 function	 during	 different	 stages	 of	
mycorrhization	 to	 achieve	 the	 required	 stage	 and	 cell	 type‐specific	 transcriptional	
reprogramming	 of	 host	 cells	 (Figure	 1.2).	 However,	 all	 of	 the	 protein‐protein	







led	 to	 the	 identification	 of	 a	 large	 number	 of	 putative	 transcription	 factors	 that	 are	
induced	 upon	 colonization	 by	 AM	 fungi	 and	 might	 play	 a	 role	 in	 the	 regulation	 of	
































transcriptional	 regulation	 of	 roots	 during	 mycorrhization	 to	 gain	 insights	 into	 the	
mycorrhizal	processes	that	are	regulated	by	these	transcription	factors.	In	order	to	get	
a	better	understanding	of	the	developmental	stages	during	which	NSP1,	NSP2,	and	RAM1	
are	active,	 the	mycorrhizal	phenotypes	of	 the	corresponding	 loss‐of‐function	mutants	
were	 assessed	 in	 detail	 in	 a	 time	 course	 experiment	 (Chapter	 2).	 The	 roles	 of	 these	
transcription	 factors	 in	 the	 regulation	 of	 global	 gene	 expression	 were	 examined	 by	
transcriptional	profiling	of	wild‐type	plants	and	loss‐of‐function	mutants	at	several	time	
points	during	mycorrhization.	In	addition,	the	functions	of	NSP1,	NSP2,	and	RAM1	in	the	























cortical	 cells	of	plant	 roots.	Arbuscules	 consist	of	 a	broad	arbuscule	 trunk	and	 fine	arbuscule	
branches.	 The	 fungal	 hyphae	 are	 surrounded	 by	 a	 plant	membrane	 called	 the	 periarbuscular	
membrane	 (PAM).	 The	 area	 between	 the	 PAM	 and	 the	 fungal	 hyphae	 has	 been	 named	 the	
periarbuscular	space	(PAS)	and	contains	amorphously	structured	plant	cell‐wall	material.	The	







with	 fixed	 carbon	 in	 the	 form	 of	 sugars.	 The	 fungal	 sugar	 transporter	MST2	 is	 expressed	 in	
arbuscule	containing	cells	and	is	likely	to	be	involved	in	the	uptake	of	sugars	from	the	PAS.	In	














Figure	 1.2:	 The	 common	 Sym	 pathway	 and	 downstream	 transcription	 factors	 mediate	 the	
transcriptional	reprogramming	of	roots	during	different	stages	of	AM	development.	Plant	roots	
release	 strigolactones,	 which	 induce	 arbuscular	 mycorrhizal	 (AM)	 spore	 germination	 and	
branching.	The	transcription	factors	NSP1	and	NSP2	are	required	for	strigolactone	production.	




the	 generation	 of	 calcium	 spiking.	 The	 calcium	 response	 is	 decoded	 by	 CCaMK,	 which	
phosphorylates	and	thereby	activates	the	transcription	factor	CYCLOPS.	RAM1	is	required	at	the	


























regulated	 process,	 the	 hyphae	 enter	 epidermal	 cells	 and	 spread	 within	 the	 root	 to	
eventually	form	arbuscules	in	the	inner	cortex,	where	nutrients	are	exchanged	between	
the	 two	 symbionts	 (Harrison,	 2012).	 The	 colonization	 of	 roots	 by	Glomus	 species	 is	
accompanied	by	 the	 appearance	 of	 lipid‐rich	 vesicles,	which	 serve	 as	 energy	 storage	
units	for	the	fungus	(Dickson,	2004).	With	the	development	of	extraradical	mycelia	and	
the	formation	of	new	spores,	the	fungal	life	cycle	is	completed.	








resulting	 phenotype	 is	 typically	 indicative	 of	 the	 function	 of	 the	 gene	 carrying	 the	







mutant	 is	 almost	 entirely	 absent	 and	 the	 number	 of	 hyphopodia	 strongly	 reduced	
compared	to	the	wild	type.	In	addition,	a	weaker	mutant	allele	of	RAM1	displays	small,	
undeveloped	arbuscules	in	instances	where	colonization	of	the	inner	cortex	is	successful,	
suggesting	 that	 RAM1	 plays	 a	 role	 in	 arbuscule	 formation	 (Gobatto	 et	 al.,	 2013).	






























2.2.1  ram1‐1  is  transiently  colonized  by  AM  fungi  and  unable  to  form  fully 
developed arbuscules at any time point during AM establishment 
To	 assess	 the	 phenotypes	 of	 the	 GRAS	 protein	 mutants,	 fungal	 infection	 structures	
(hyphopodia,	intraradical	hyphae,	arbuscules,	and	vesicles)	were	quantified	in	wild‐type	
and	mutant	plants	in	a	mycorrhizal	time	course	experiment	at	8	days	post	inoculation	






Compared	 to	 the	 wild	 type,	 ram1‐1	 showed	 a	 slight,	 but	 not	 statistically	 significant	
reduction	 of	 hyphopodia	 at	 8	 dpi	 (Figure	 2.1).	 The	 quantification	 of	 fungal	 infection	
structures	in	ram1‐1	was	repeated	multiple	times	for	very	early	time	points,	and	a	slight	




percentage	 of	 hyphopodia	 decreased	 between	 13	 dpi	 and	 27	 dpi	 in	 ram1‐1,	 while	 it	
increased	in	the	wild	type.	The	same	trend	was	also	visible	for	the	number	of	vesicles,	




observed	 under	 the	 fluorescence	microscope	 (Figure	 2.3,	 2.4,	 and	 2.5).	 This	 analysis	
revealed	that	ram1‐1	was	not	able	to	form	fully	developed	arbuscules	as	they	occur	in	
wild‐type	plants.	Instead,	small,	undeveloped	arbuscules	were	present	in	cortical	cells.	








2.1).	Taken	together,	 the	presence	of	hyphopodia,	 intraradical	hyphae	and	vesicles	 in	
ram1‐1,	 particularly	 at	 earlier	 time	 points,	 suggests	 that	 the	 mutant	 is	 transiently	
colonized	by	mycorrhizal	fungi.	However,	the	observed	decrease	in	mycorrhization	at	
27	 dpi	 indicates	 that	 the	 symbiosis	 is	 not	 maintained,	 leading	 to	 a	 loss	 of	 fungal	
colonization	at	later	time	points.	
Next,	 I	 investigated	 whether	 the	 ram1‐1	 mutant	 phenotype,	 specifically	 arbuscule	
development	and	low	colonization	levels	at	late	time	points,	could	be	complemented	by	









The	abundance	of	most	 fungal	 infection	structures,	 including	hyphopodia,	arbuscules,	
and	vesicles,	was	reduced	in	nsp1‐1	by	approximately	50%	at	8	dpi	compared	to	the	wild	
type	(Figure	2.1).	This	trend	continued	at	13	dpi,	although	the	reduction	was	slightly	less	
pronounced,	 and	 persisted	 at	 27	 dpi.	 Interestingly,	 even	 though	 the	 extent	 of	
colonization	 was	 reduced	 in	 nsp1‐1	 roots,	 the	 fungal	 infection	 structures,	 including	
arbuscules,	 appeared	 normal	 at	 all	 three	 time	 points	 when	 assessed	 under	 the	
microscope,	suggesting	that	the	development	of	mycorrhizal	structures	is	not	impaired	
in	nsp1‐1	 (Figure	 2.3,	 2.4,	 and	 2.5).	 Consistent	with	 this,	 the	 abundance	 of	 all	 fungal	
infection	structures	increased	over	time	in	nsp1‐1	at	a	similar	rate	as	in	the	wild	type.	











Unlike	 ram1‐1	 and	 nsp1‐1,	 nsp2‐2	 did	 not	 show	 any	 quantitative	 or	 qualitative	
differences	 in	mycorrhization	compared	 to	 the	wild	 type	under	 the	conditions	 tested	
here.	No	significant	reduction	in	the	abundance	of	mycorrhizal	structures	was	observed	
in	nsp2‐2	roots	at	any	of	the	assessed	time	points	(Figure	2.1),	and	the	fungal	infection	
structures	 appeared	 normal	 under	 the	 fluorescence	microscope	 (Figure	 2.3,	 2.4,	 and	
2.5).	 Interestingly,	 the	 number	 of	 arbuscules	 and	 vesicles	 did	 show	 a	 slight	 trend	






In	 this	 chapter,	 the	 functions	 of	 RAM1,	 NSP1	 and	 NSP2	 in	 AM	 development	 were	
investigated	by	assessing	the	mycorrhizal	phenotypes	of	the	respective	mutants	in	detail	
in	 a	 time	 course	 experiment.	 While	 both	 ram1‐1	 and	 nsp1‐1	 displayed	 a	 significant	
reduction	 in	 mycorrhizal	 colonization,	 the	 analysis	 also	 revealed	 key	 differences	
between	the	mutant	phenotypes.		
The	findings	of	a	previous	study	showed	that	the	deletion	of	the	gene	encoding	for	RAM1	

























three	 time	 points	 tested,	 the	 development	 of	 fungal	 structures	was	 not	 affected	 and	
colonization	 inside	 the	 roots	 proceeded	 normally.	 These	 findings	 indicate	 that	NSP1	
plays	a	role	at	very	early	stages	of	AM	symbiosis,	but	is	not	required	for	the	spreading	
and	 normal	 development	 of	mycorrhizae	within	 the	 root.	 NSP1	 has	 previously	 been	
shown	to	regulate	the	expression	of	the	strigolactone	biosynthesis	gene	D27	under	low	
phosphate	 conditions	 in	 M.	 truncatula	 and	 rice,	 resulting	 in	 the	 complete	 lack	 of	
strigolactones	 in	 nsp1	 root	 exudates	 (Liu	 et	 al.,	 2011).	 Considering	 the	 role	 of	
strigolactones	in	the	induction	of	AM	fungal	spore	germination	and	hyphal	branching	
(Akiyama	et	al.,	2005;	Besserer	et	al.,	2006),	 it	seems	 likely	 that	 the	delayed	onset	of	
mycorrhization	 in	 nsp1‐1	 observed	 here	 is,	 at	 least	 partly,	 caused	 by	 the	 lack	 of	
strigolactones	released	into	the	rhizosphere.	L.	japonicus	nsp1	mutants	similarly	show	a	
decreased	 level	 of	 mycorrhization	 at	 early	 time	 points,	 and	 this	 correlates	 with	 a	
reduction	in	D27	expression	(Takeda	et	al.,	2013).	Interestingly,	Takeda	and	colleagues	
found	that	while	the	external	 treatment	of	L.	 japonicus	nsp1	roots	with	strigolactones	


















be	 visible	 at	 very	 late	 time	 points	 during	 the	 symbiosis.	 Although	 not	 statistically	
significant,	 a	 small	 reduction	 in	 the	number	of	arbuscules	and	vesicles	was	visible	 in	













roles	 in	 mycorrhization.	 The	 regulation	 of	 strigolactone	 biosynthesis	 provides	 one	
example	of	a	pathway	that	has	been	 found	to	be	differentially	regulated	by	NSP1	and	
NSP2	(Liu	et	al.,	2013).	Although	the	expression	of	the	strigolactone	biosynthesis	gene	
D27	 is	 reduced	 in	both	nsp1	 and	nsp2,	 this	 reduction	 is	weaker	 and	not	 sufficient	 to	
prevent	the	production	of	strigolactones	in	nsp2	(Liu	et	al.,	2013).	Instead,	exudates	of	
nsp2	 mutant	 roots	 contain	 higher	 levels	 of	 the	 strigolactone	 orobanchol,	 while	 the	
mutant	 seems	 to	 be	 blocked	 in	 the	 conversion	 of	 this	 substrate	 into	 other	 forms	 of	
strigolactones	(Liu	et	al.,	2013).	This	difference	in	strigolactone	biosynthesis	in	nsp1	and	
nsp2	 could	 be	 one	 possible	 reason	 for	 the	 difference	 between	 the	 mycorrhizal	
phenotypes	observed	here.	














Figure	2.1:	Quantification	of	 fungal	 infection	structures	 in	wild‐type	(wt),	ram1‐1,	nsp1‐1	and	
nsp2‐2	roots.	The	occurrence	of	hyphopodia,	intraradical	hyphae	(int.	hyphae),	arbuscules,	and	
vesicles	 in	 ink‐stained	 root	 pieces	 is	 shown	 as	 percentage	 of	 the	 total	 number	 of	 root	 pieces	
assessed.	Fungal	infection	structures	were	quantified	at	8	dpi	(A),	13	dpi	(B),	and	27	dpi	(C).	Bars	
















































































roots	grown	with	nurse	plant	 inoculum.	 (A)	The	occurrence	of	 fungal	 infection	structures	 (%	
colonization)	in	ink‐stained	root	pieces	is	shown	as	percentage	of	the	total	number	of	root	pieces	
assessed	at	32	dpi.	Bars	represent	the	average	of	two	biological	replicates.	Bright	field	images	of	
ink‐stained	 wild‐type	 roots	 (B)	 and	 ram1‐1	 roots	 (C)	 are	 shown.	 Arrowheads	 indicate	 fully	
developed	arbuscules.	Asterisks	indicate	underdeveloped	arbuscules.	Scale	bar	=	25	µm.	
	























studies	 have	 uncovered	 transcriptional	 changes	 in	 genes	 involved	 in	 a	 number	 of	
different	 cellular	 processes,	 including	 defence	 responses,	 primary	 and	 secondary	
metabolism,	 nutrient	 transfer	 across	 membranes,	 cell	 wall	 and	 cell	 membrane	
modifications,	 and	 signal	 transduction	 (Krajinski	 et	 al.,	 2002;	 Liu	 et	 al.,	 2003;	
Brechenmacher	et	al.,	2004;	Manthey	et	al.,	2004;	Güimil	et	al.,	2005;	Hohnjec	et	al.,	2005;	





Küster	 et	 al.,	 2007).	 For	 example,	 some	 of	 the	 most	 highly	 induced	 genes	 during	
mycorrhization	 are	 plant	 lectins,	 phosphate	 and	 ammonium	 transporters,	 proteases,	
and	transcription	factors	(Kistner	et	al.,	2005,	Frenzel	et	al.,	2006;	Takeda	et	al.,	2009;	
Hogekamp	et	al.,	2011).	 In	addition	 to	 the	analysis	of	whole	mycorrhized	roots,	gene	
expression	 changes	 have	 also	 been	 studied	 in	 specific	 cell	 types,	 such	 as	 arbuscule‐
containing	cells,	using	laser	capture	microdissection	(Hogekamp	et	al.,	2011;	Gaude	et	




al.,	 2015).	 These	 studies	 have	 provided	 detailed	 information	 on	 the	 transcriptional	
changes	 that	 take	 place	 during	 different	 developmental	 stages	 of	 AM	 symbiosis.	 By	
contrast,	 relatively	 little	 is	 known	 about	 the	 transcriptional	 regulators	 that	 mediate	
these	specific	changes	in	gene	expression	during	mycorrhization.	Studies	investigating	















were	 investigated	 by	 comparing	 global	 gene	 expression	 in	 roots	 grown	 without	
mycorrhizal	 fungi.	 These	 transcriptional	 analyses	 were	 further	 used	 to	 infer	
commonalities	 and	differences	 in	 the	 functions	of	RAM1,	NSP1,	 and	NSP2	 before	 and	
during	mycorrhization.	








symbiotic	 conditions,	wild‐type,	ram1‐1,	nsp1‐1	 and	nsp2‐2	 plants	were	grown	under	





each	 time	 point,	 the	 colonization	 levels	 in	 three	 wild‐type	 plants	 were	 assessed	 by	






few	 individual	 roots	were	 found	 that	 occasionally	 showed	 small,	white	 nodules,	 and	
these	roots	were	removed	before	harvesting	the	remaining	roots.	
To	validate	the	experimental	set	up,	the	expression	levels	of	PT4	were	quantified	in	each	




nsp1‐1	 and	 nsp2‐2	 plants.	 Furthermore,	 expression	 levels	 increased	 in	 mycorrhized	
roots	over	 the	 time	 course	of	 fungal	 colonization.	By	 contrast,	 only	very	 low	 relative	
expression	levels	were	detected	in	non‐mycorrhized	root	samples	of	all	genotypes	and	
in	mycorrhized	root	samples	of	ram1‐1.	The	low	expression	levels	of	PT4	in	mycorrhized	




against	 the	most	 recent	 version	 of	 the	M.	 truncatula	 genome	 (Mtv4.0).	 Differentially	






(total	 exon	 reads)	 between	 mycorrhized	 and	 non‐mycorrhized	 roots	 of	 the	 same	
genotype	 or	 between	 non‐mycorrhized	 roots	 of	 different	 genotypes	 at	 the	






To	 test	 whether	 known	 mycorrhizal	 genes	 were	 identified	 using	 RNA‐seq	 with	 the	














downregulated	 in	wild‐type	 roots	 upon	mycorrhization	 (Figure	 3.3	 A).	 Furthermore,	
these	downregulated	genes	showed	very	little	overlap	between	the	tested	time	points,	
with	only	2	genes	being	common	to	all	three	time	points	(Figure	3.3	B).		
The	 differentially	 expressed	 genes	 identified	 in	 wild‐type	 roots	 during	 fungal	
colonization	included	many	genes	that	had	previously	been	described	to	play	a	role	in	
mycorrhization	 (Table	 3.1).	 Consistent	 with	 the	 qRT‐PCR	 results	 (Figure	 3.1),	 the	
phosphate	 transporter	 PT4	 was	 one	 of	 the	 most	 highly	 upregulated	 genes	 in	
mycorrhized	roots.	In	addition,	several	other	genes	previously	described	to	be	involved	
in	arbuscule	development	and	function	were	found	to	be	induced	during	the	mycorrhizal	









(Xue	 et	 al.,	 2015),	 and	 the	 glycerol‐3‐phosphate	 acyltransferase	 RAM2	 (Wang	 et	 al.,	
2012).	These	genes	generally	showed	an	increase	in	induction	over	time,	consistent	with	
the	expected	increase	in	the	number	of	arbuscules	at	later	time	points.	By	contrast,	the	
ankyrin‐repeat	protein	VAPYRIN	 displayed	a	 consistent	 induction	of	6	 to	7	 fold	 at	 all	
three	 time	points	 (Table	 3.1).	 In	 accordance	with	 this,	VAPYRIN	 has	 previously	 been	
demonstrated	to	be	required	for	the	successful	penetration	of	cells	by	fungal	hyphae,	a	






active	 in	 epidermal	 cells	 at	 stages	 prior	 to	 the	 direct	 contact	 with	 fungal	 hyphae	
(Hogekamp	et	al.,	2011;	Hogekamp	and	Küster,	2013).		
Changes	in	gene	expression	during	mycorrhization	were	also	observed	for	RAM1,	NSP1,	
and	NSP2	 (Table	 3.1).	RAM1	 showed	 a	 very	 strong	 and	 significant	 induction	 in	 gene	
expression	in	wild‐type	roots,	with	the	highest	fold	change	(>2000)	being	found	at	13	






caused	 by	 rhizobia	 rather	 than	 mycorrhizal	 fungi.	 No	 significant	 difference	 in	 gene	
expression	was	observed	for	the	nodulation	markers	NIN	(Schauser	et	al.,	1999)	and	NPL	
(NODULE	PECTATE	LYASE;	Xie	et	al.,	2012),	two	strongly	induced	genes	during	the	root	
nodule	 symbiosis.	 These	 findings	 confirm	 that	 potential	 changes	 in	 gene	 expression	
caused	by	rhizobial	bacteria	were	too	diluted	to	be	detectable.	
	






mycorrhized	 wild‐type	 roots.	 ‘N.s.’	 depicts	 a	 statistically	 non‐significant	 fold	 change.	 FDR‐
corrected	p‐value	<	0.05	for	all	fold	changes	shown.		
    Fold change 
Mtv4.0 ID  Annotation  8 dpi  13 dpi  27 dpi 
Medtr6g027840  Ankyrin‐repeat protein Vapyrin  6  7  6 
Medtr2g081600  CCAAT box transcription factor Cbf1  46  17  n.s. 
Medtr2g081630  CCAAT box transcription factor Cbf2  36  17  n.s. 
Medtr8g091720  CCAAT box transcription factor Cbf3  9  8  n.s. 
Medtr1g017910  Exocyst subunit EXO70I  2  13  18 
Medtr8g107450  ABCG transporter STR  3  33  70 
Medtr5g030910  ABCG transporter STR2  7  205  364 
Medtr5g011320  Subtilisin‐like serine protease SbtM1  11  60  136 
Medtr8g006790  Proton ATPase HA1  78  953  1552 
Medtr1g040500  Glycerol‐3‐phosphate acyltransferase RAM2  4  39  72 
Medtr8g074750  Ammonium transporter AMT2‐3  n.s.  72  55 
Medtr7g115050  Ammonium transporter AMT2‐4  15  365  1043 
Medtr1g036410  Ammonium transporter AMT2‐5  242  7735  3979 
Medtr1g028600  Phosphate transporter PT4  1298  22666  12472 
Medtr4g104020  GRAS‐domain protein RAD1  40  238  697 
Medtr7g027190  GRAS‐domain protein RAM1  161  2412  1508 
Medtr8g020840  GRAS‐domain protein NSP1  1.7  2  1.6 






time	 points	 during	 mycorrhization,	 the	 transcriptional	 changes	 during	 fungal	
colonization	 identified	 in	wild‐type	 roots	were	 compared	 to	 the	 changes	observed	 in	
ram1‐1	 roots.	Due	 to	 the	considerably	 lower	number	of	mycorrhizal‐repressed	genes	





















RAM1‐dependent	 genes	 likely	 include	 direct	 targets	 of	 RAM1,	 but	might	 also	 include	
genes	that	are	only	indirectly	regulated	by	this	transcription	 factor.	To	identify	genes	





the	 cluster	 analysis	 identified	 a	 set	of	768	genes	 (70%)	 that	 showed	no	 induction	 in	





13	 dpi	 and	 27	 dpi	 (Figure	 3.6	 B).	 By	 contrast,	 fewer	 RAM1‐dependent	 genes	 were	
specifically	induced	at	just	one	time	point,	i.e.	at	8	dpi	or	13	dpi,	during	AM	development.	
These	 results	 indicate	 that	 RAM1	 is	 involved	 in	 the	 regulation	 of	 a	 large	 set	 of	
mycorrhizal	genes	that	are	induced	at	both	early	and	late	time	points	in	the	wild	type.	
The	 remaining	 30%	 (306/1029)	 of	 the	 genes	 analysed	 by	 clustering	 displayed	 an	






the	 transcriptional	 regulation	 of	 these	 genes	 during	 mycorrhization	 might	 only	 be	
indirectly	dependent	on	RAM1	(Figure	3.6	A).		
	
3.2.4  nsp1‐1  shows  a  delay  in  the  induction  of  gene  expression  during 
mycorrhization   
In	nsp1‐1,	416,	669	and	1467	genes	showed	a	significant	induction	of	more	than	1.5	fold	










the	NSP1‐dependent	 genes	 from	each	 time	point	 (938	 genes	 in	 total)	were	 clustered	
based	 on	 their	 expression	 pattern	 in	 nsp1‐1	 roots	 over	 the	 whole	 mycorrhizal	 time	
course.	 Surprisingly,	 only	 56%	 (527/938)	 of	 all	 NSP1‐dependent	 genes	 showed	 a	
complete	lack	of	induction	at	all	three	time	points	in	nsp1‐1	(Figure	3.7	A).	Moreover,	
comparing	the	expression	pattern	of	these	527	NSP1‐dependent	genes	across	the	three	
time	 points	 in	 wild‐type	 roots	 revealed	 that	 the	 majority	 (299/527)	 of	 the	 NSP1‐



























on	NSP2,	 the	NSP2‐dependent	 genes	 from	 each	 time	point	 (792	 genes	 in	 total)	were	
clustered	based	on	their	expression	pattern	in	nsp2‐2	roots	over	the	whole	mycorrhizal	
time	course.	This	analysis	identified	517	genes	out	of	792	(65%)	whose	induction	was	





3.2.6  RAM1,  NSP1,  and  NSP2  have  partially  overlapping  functions  in  the 
regulation of gene expression during fungal colonization 
After	identifying	genes	that	might	be	under	the	direct	control	of	RAM1,	NSP1,	and	NSP2	















of	 527	 genes	 being	 specifically	 dependent	 on	NSP1,	 and	 69	 genes	 out	 of	 517	 being	
specifically	dependent	on	NSP2.	Furthermore,	a	considerable	overlap	(199	genes)	was	
found	between	the	genes	that	were	dependent	on	NSP1	and	NSP2.	Together,	these	data	




3.2.7  RAM1, NSP1, and NSP2 are  involved  in the regulation of gene expression 
under non‐symbiotic conditions 
The	 establishment	 of	 AM	 symbiosis	 involves	 the	 exchange	 of	 a	 variety	 of	 signalling	
molecules	before	the	first	physical	contact	takes	place	between	the	roots	and	the	fungal	
hyphae.	To	investigate	whether	RAM1,	NSP1	and	NSP2	could	play	a	role	in	the	regulation	







Comparatively	more	 genes	were	 differentially	 expressed	 in	nsp1‐1	 and	nsp2‐2	 under	
non‐symbiotic	conditions.	 In	nsp1‐1	roots,	115,	237,	and	284	genes	were	significantly	
downregulated,	while	258,	426,	and	575	genes	were	significantly	upregulated	at	8	dpi,	
13	dpi	 and	27	dpi,	 respectively	 (Figure	3.10	A).	 Comparing	 these	genes	between	 the	
different	time	points	showed	that	194	genes	were	differentially	expressed	in	nsp1‐1	at	





in	nsp2‐2	 roots	 (Figure	 3.10	B).	 These	 results	 suggest	 that	NSP1	 and	NSP2,	 and	 to	 a	
smaller	extent	RAM1,	directly	or	indirectly	regulate	a	number	of	genes	under	non‐	or	
pre‐symbiotic	conditions.	






and	nsp2‐2	 roots	 at	 all	 three	 time	points	 in	 the	 absence	of	mycorrhizal	 fungi	 further	
revealed	that	most	of	these	genes	were	specifically	dependent	on	either	RAM1,	NSP1,	or	
NSP2,	 indicating	 that	 there	 is	 very	 little	 overlap	 in	 the	 functions	 of	 these	 three	




In	 this	 chapter,	 the	 roles	 of	RAM1,	NSP1,	 and	NSP2	 in	 the	 regulation	 of	 global	 gene	
expression	before	and	during	mycorrhizal	colonization	were	investigated	by	profiling	
and	 comparing	 the	 transcriptomes	 of	 the	 corresponding	 loss‐of‐function	 mutants	 at	
different	time	points	during	AM	development.	
A	number	of	studies	have	previously	investigated	the	transcriptional	changes	that	take	
place	 in	 roots	 during	 AM	 symbiosis	 and	 have	 identified	 hundreds	 of	 genes	 that	 are	











main	 difference	 at	 later	 time	 points	 being	 the	 increased	 quantity	 of	 these	 structures	




transcription	 factor	 Cbf3	 (Hogekamp	 and	 Küster,	 2013),	 had	 a	 time‐point	 specific	
induction	and	might	therefore	have	functions	that	are	required	only	at	certain	stages	of	
mycorrhization.	









recent	 study	 has	 investigated	 the	 transcriptional	 response	 of	 wild‐type	 plants	 and	
several	symbiotic	mutants	to	exogenously	applied	Myc‐LCOs	and	has	found	that	RAM1	
is	required	for	the	regulation	of	many	of	the	genes	that	are	induced	upon	recognition	of	
these	 early	 signalling	 molecules	 (Hohnjec	 et	 al.,	 2015).	 At	 later	 time	 points,	 the	
proportion	 of	 RAM1‐dependent	 genes	 increased	 to	 almost	 60%,	 consistent	 with	 the	
drastically	reduced	levels	of	mycorrhization	observed	in	ram1‐1	roots	at	late	time	points	
(Chapter	 2).	 Considering	 the	pattern	of	 fungal	 colonization	 in	 ram1‐1	 roots,	 it	 seems	
likely	that	the	lack	of	gene	induction	observed	in	the	mutant	at	late	time	points	is	partly	
caused	by	the	loss	of	fungal	infection	and	is	not	necessarily	a	direct	consequence	of	the	
absence	of	 the	 transcriptional	activity	of	RAM1.	Thus,	only	a	subset	of	 the	genes	 that	
were	 dependent	 on	RAM1	 at	 27	 dpi	 are	 expected	 to	 be	 directly	 regulated	 by	 RAM1.	
Indeed,	several	genes	that	showed	no	induction	at	27	dpi	were	upregulated	in	ram1‐1	at	









structures	 throughout	 the	 mycorrhizal	 time	 course,	 while	 the	 development	 of	 these	
infection	structures	was	not	 impaired	(Chapter	2).	 It	was	therefore	surprising	to	 find	
that	 the	 induction	of	 almost	half	 of	 all	mycorrhizal‐induced	genes	was	dependent	on	
NSP1	at	early	time	points.	At	27	dpi,	the	proportion	of	NSP1‐dependent	genes	decreased	
considerably,	 an	 observation	 that	might	 suggest	 that	NSP1	 is	mainly	 involved	 in	 the	
regulation	 of	 genes	 during	 the	 early	 time	 points	 of	 AM	 development.	 However,	 the	
majority	 of	 these	 early	NSP1‐dependent	 genes	were	upregulated	 at	 later	 time	points	
during	mycorrhization	in	nsp1‐1	and	are	therefore	likely	to	be	only	indirectly	regulated	
by	NSP1.	 Furthermore,	 the	 genes	 that	 were	 consistently	 dependent	 on	NSP1	 during	
fungal	colonization	were	predominantly	induced	at	27	dpi	in	wild‐type	roots,	and	it	is	





possible	 that	at	 least	some	of	 these	genes	might	show	an	upregulation	at	 time	points	
later	 than	27	dpi	 in	nsp1‐1	 roots.	These	observations	suggest	 that	 the	 transcriptional	
induction	 of	 a	 large	 proportion	 of	 mycorrhizal	 genes	 is	 delayed	 in	 nsp1‐1,	 but	 not	
completely	 abolished.	 This	 delay	 in	 gene	 induction	 is	 in	 accordance	 with	 the	 slight	
reduction	 in	 fungal	 colonization	 observed	 at	 all	 three	 time	 points	 in	 nsp1‐1	 roots	
(Chapter	 2).	 Meanwhile,	 only	 a	 small	 number	 of	 the	 genes	 induced	 at	 early	 or	
intermediate	time	points	in	wild‐type	roots	were	found	to	be	consistently	dependent	on	
NSP1,	 suggesting	 that	NSP1	 only	 plays	 a	minor	 role	 in	 the	 transcriptional	 regulation	
during	fungal	colonization.	




suggesting	 that	NSP2	might	be	 involved	 in	regulating	mycorrhizal	gene	expression	at	
later	 time	 points	 during	 AM	 symbiosis.	 Although	 not	 statistically	 significant,	 nsp2‐2	
showed	a	slight	reduction	in	the	number	of	arbuscules	and	vesicles	at	27	dpi	(Chapter	
2),	 which	might	 be	 the	 result	 of	 the	 lack	 of	 induction	 of	 the	NSP2‐dependent	 genes	
identified	here.	
In	summary,	 the	results	of	 the	 transcriptomic	profiling	of	mycorrhized	roots	 indicate	
that	 the	 three	GRAS‐domain	proteins	 play	 largely	 different	 roles	 in	 the	 regulation	 of	
global	 gene	 expression	 during	 AM	 development.	 RAM1,	NSP1,	 and	NSP2	 themselves	
appear	to	be	transcriptionally	regulated	during	mycorrhization,	and	consistent	with	the	
proposed	differences	 in	 the	 functions	of	 these	 transcription	 factors,	 differences	were	
also	 found	 in	 the	 levels	 of	 transcriptional	 induction	 of	 these	 genes	 during	 fungal	





roots	 for	NSP1	 (Delaux	 et	 al.,	 2013).	 The	 slight	 increase	 in	NSP2	 expression	 during	
mycorrhization	 observed	 here	 is	 in	 accordance	with	 the	weak	 upregulation	 of	NSP2	
described	 in	 the	gene	expression	atlas	of	M.	 truncatula	 (http://mtgea.noble.org/v2/).	
Meanwhile,	the	expression	of	NSP2	has	also	been	described	to	decrease	during	fungal	
colonization	through	the	action	of	a	microRNA	that	targets	NSP2	transcripts	specifically	
















non‐symbiotic	 conditions.	 Interestingly,	 a	 comparable	 number	 of	 both	 up‐	 and	








genes	 that	do	not	have	a	direct	 function	 in	 symbiosis.	This	hypothesis	 is	particularly	
attractive	for	NSP1	and	NSP2,	which	are	conserved	even	in	plants	that	are	not	able	to	




AM	 symbiosis.	 Investigating	 gene	 expression	 over	 several	 time	 points	 during	
mycorrhization	has	proven	particularly	useful	to	further	limit	the	list	of	potential	target	
genes.		This	approach	has	revealed	genes	whose	induction	was	consistently	dependent	
on	RAM1,	NSP1,	 and/or	NSP2	 and	are	 therefore	good	candidates	 for	direct	 targets	of	
these	 transcription	 factors.	 Furthermore,	 the	 time	 course	 has	 also	 allowed	 the	
identification	 of	 genes	 whose	 expression	 is	 likely	 to	 be	 only	 indirectly	 regulated	 by	
RAM1,	NSP1,	and	NSP2	during	mycorrhization,	 including	genes	whose	expression	was	
delayed	but	not	entirely	abolished	in	nsp1‐1,	and	genes	that	were	dependent	on	RAM1	at	










possible	 that	 this	 group	 of	 genes	 also	 includes	 direct	 targets	 of	 the	 GRAS‐domain	
proteins,	 but	 their	 expression	 might	 be	 regulated	 by	 several	 different	 transcription	
factors	that	could	be	partially	redundant	in	their	function.	Thus,	the	approach	described	
here	 is	 unlikely	 to	 identify	 all	 the	 genes	 targeted	 by	 RAM1,	 NSP1,	 and	 NSP2	 during	
mycorrhization.	 Nevertheless,	 global	 gene	 expression	 profiling	 has	 provided	 a	 large	
number	of	novel	potential	targets	of	the	GRAS‐domain	proteins.	The	in‐depth	functional	
analysis	 of	 these	 candidates	 and	 their	 transcriptional	 regulation	 before	 and	 during	
mycorrhization	is	described	in	the	following	chapters.	 	










Figure	3.1:	 Quantification	 of	PT4	 expression	measured	 by	 qRT‐PCR	 in	 non‐mycorrhized	 and	
mycorrhized	wild‐type	(wt),	ram1‐1,	nsp1‐1,	and	nsp2‐2	roots	at	8	dpi,	13	dpi,	and	27	dpi.	The	
expression	levels	were	normalized	to	Ubiquitin	expression.	Bars	represent	means	of	4	biological	






















expression	 levels.	 To	 identify	DEGs	 over	 the	 time	 course	 of	 fungal	 infection,	 gene	 expression	
levels	 in	 non‐mycorrhized	 (non‐myc.)	 roots	were	 compared	 to	 the	 gene	 expression	 levels	 in	
mycorrhized	(myc.)	roots	of	the	same	genotype	(wild	type	(wt),	ram1‐1,	nsp1‐1	or	nsp2‐2)	and	at	
the	 same	 time	 point	 (comparisons	 indicated	 by	 red	 arrows).	 To	 identify	 DEGs	 under	 non‐



































































(A)	 Heat	 map	 showing	 the	 relative	 log2	 fold	 changes	 (FC)	 of	 genes	 that	 were	 induced	 in	
mycorrhized	versus	non‐mycorrhized	wild‐type	(wt)	roots	at	8	dpi,	13	dpi,	and/or	27	dpi	and	















(A)	 Heat	 map	 showing	 the	 relative	 log2	 fold	 changes	 (FC)	 of	 genes	 that	 were	 induced	 in	
mycorrhized	versus	non‐mycorrhized	wild‐type	(wt)	roots	at	8	dpi,	13	dpi,	and/or	27	dpi	and	















(A)	 Heat	 map	 showing	 the	 relative	 log2	 fold	 changes	 (FC)	 of	 genes	 that	 were	 induced	 in	
mycorrhized	versus	non‐mycorrhized	wild‐type	(wt)	roots	at	8	dpi,	13	dpi,	and/or	27	dpi	and	
were	dependent	on	NSP2	 for	 their	 induction	during	 at	 least	 one	of	 these	 time	points.	 Cluster	
analysis	performed	using	the	analysis	tool	GENE‐E	showed	that	out	of	792	genes	analysed	in	total,	
517	were	 not	 induced	 in	nsp2‐2	 upon	mycorrhization	 at	 any	 of	 the	 three	 time	 points	 tested.										
(B)	Venn	 diagram	 showing	 the	 overlap	 of	 the	 expression	 of	 the	 792	NSP2‐dependent	 genes	
identified	in	(A)	at	8	dpi,	13	dpi,	and	27	dpi	in	wild‐type	roots.	Significantly	induced	genes	with	a	
fold	change	of	more	than	1.5	and	an	FDR‐corrected	p‐value	smaller	than	0.05	are	shown.		






































































both	 mutants	 were	 found	 to	 show	 reduced	 levels	 of	 mycorrhizal	 colonization	 when	
inoculated	with	a	weak	fungal	inoculum	(Liu	et	al.,	2011;	Maillet	et	al.,	2011;	Delaux	et	
al.,	2013;	Takeda	et	al.,	2013).	In	accordance	with	this,	a	slight	reduction	in	the	level	of	
mycorrhization	was	 observed	 in	nsp1‐1	 at	 both	 early	 and	 late	 time	points	 under	 the	







To	 date,	 the	 only	 gene	 that	 is	 known	 to	 be	 regulated	 by	 NSP1	 in	 the	 context	 of	 AM	





reduced	 in	nsp1	 roots	under	phosphate‐starved	 conditions,	 resulting	 in	 the	 complete	
lack	 of	 strigolactones	 in	nsp1	 root	 exudates	 (Liu	 et	 al.,	 2011).	 It	 is	 currently	 unclear	
whether	NSP1	only	 targets	D27,	 or	whether	 it	 also	 regulates	other	genes	 involved	 in	
strigolactone	 biosynthesis.	 Furthermore,	 even	 though	 the	 role	 of	 strigolactones	 in	
attracting	fungal	hyphae	during	the	pre‐contact	stage	of	AM	symbiosis	is	relatively	well	
understood,	 it	 is	 not	 known	 whether	 these	 plant	 hormones	 also	 affect	 fungal	
colonization	 inside	 the	 roots,	 and	 if	 so,	 whether	 NSP1	 is	 required	 for	 strigolactone	
production	at	later	stages	of	the	symbiosis	as	well	as	at	pre‐symbiotic	stages.		
The	 role	 of	NSP2	 in	mycorrhization	 is	 less	well	 understood.	 Although	 a	 reduction	 in	




were	 found	 to	be	dependent	on	NSP2	 at	 late	 time	points	during	AM	development.	 In	
addition,	many	genes	were	differentially	expressed	in	nsp2‐2	roots	under	non‐symbiotic	
conditions	(Chapter	3).		Similar	to	NSP1,	NSP2	has	been	proposed	to	be	involved	in	the	
regulation	 of	 D27,	 however,	 nsp2‐2	 root	 exudates	 contain	 high	 levels	 of	 some	
strigolactone	variants	(Liu	et	al.,	2011).	Thus,	the	exact	role	of	NSP2	in	the	regulation	of	
strigolactone	biosynthesis	remains	unclear.	It	is	currently	not	known	whether	NSP2	has	
additional	 roles	 in	 the	 transcriptional	 regulation	 during	 the	 establishment	 of	 AM	
symbiosis,	and	whether	these	potential	roles	differ	from	the	ones	of	NSP1.	













4.2.1  NSP1  is  required  for  the  expression  of  many  genes  involved  in  the 
biosynthesis of strigolactones and gibberellins in the absence of AM fungi 
As	NSP1	has	previously	been	described	 to	have	a	role	 in	 the	pre‐contact	 stage	of	AM	
development,	 I	 first	 investigated	 the	 functions	 of	 the	 genes	 that	 were	 differentially	
expressed	 in	 nsp1‐1	 grown	 under	 low	 phosphate	 conditions	 and	 in	 the	 absence	 of	










lipid	 metabolism,	 suggesting	 that	 NSP1	 is	 involved	 in	 the	 regulation	 of	 metabolic	
pathways	 (Figure	 4.1	 A).	 To	 investigate	 the	 potential	 functions	 of	 the	 differentially	
expressed	 genes	 in	 more	 detail,	 a	 BLAST	 search	 with	 the	 corresponding	 protein	
sequences	was	conducted	against	the	A.	thaliana	proteome,	and	the	function	of	the	best	
hit	 in	A.	 thaliana	 for	 each	 gene	was	 further	 analysed.	 As	 expected,	 the	 strigolactone	
biosynthesis	 gene	D27	was	 strongly	downregulated	 in	non‐mycorrhized	nsp1‐1	 roots	
compared	to	the	wild	type,	consistent	with	the	findings	of	Liu	and	colleagues	(Liu	et	al.,	
2011;	 Table	 4.1).	 In	 addition,	 transcript	 levels	 of	 several	 carotenoid	 cleavage	
dioxygenases	(CCDs)	were	significantly	reduced	in	nsp1‐1,	including	CCD7	and	CCD8,	two	
enzymes	required	 for	 the	 late	 steps	of	 strigolactone	biosynthesis	 (Alder	et	al.,	2012).	
Surprisingly,	 a	 large	 number	 of	 genes	 that	 have	 been	 proposed	 to	 be	 involved	 in	
isoprenoid	 biosynthesis	 were	 also	 significantly	 reduced	 in	 non‐mycorrhized	 nsp1‐1	
roots	 (seven	 genes	 in	 total,	 including	 genes	 encoding	 1‐deoxy‐xylulose‐5‐phosphate	
synthase	(DXS),	1‐deoxy‐xylulose‐5‐phosphate	reductoisomerase	(DXR),	4‐hydroxy‐3‐












strigolactones	 are	 derived	 (Al‐Babili	 and	 Bouwmeester,	 2015;	 Figure	 4.2).	 Together,	
these	 results	 suggest	 that	under	 low	phosphate	 conditions	and	 in	 the	absence	of	AM	
fungi,	 NSP1	 is	 involved	 in	 the	 regulation	 of	 several	 biosynthetic	 pathways	 that	
participate	in	the	production	of	strigolactones.		
Among	 the	group	of	differentially	expressed	genes	 in	nsp1‐1	 roots	were	a	number	of	
genes	that	are	 involved	 in	the	biosynthesis	of	gibberellins,	which	are	plant	hormones	
that	 are	 derived	 from	 the	 isoprenoid	 intermediate	 geranyl	 geranyl	 pyrophosphate	
(GGDP;	Hedden	and	Thomas,	2012;	Figure	4.2).	The	transcript	 levels	of	several	genes	
involved	 in	 the	 early	 steps	 of	 gibberellin	 biosynthesis,	 including	 genes	 encoding	
homologs	of	 copalyl	diphosphate	 synthase	 (CPS),	 ent‐kaurene	oxidase	 (KO),	 and	ent‐
karenoic	acid	oxidase	(KAO2),	were	significantly	reduced	in	nsp1‐1	roots	compared	to	
the	wild	type	at	all	 three	time	points	tested	(Table	4.1).	Meanwhile,	 two	homologs	of	
gibberelin‐20‐oxidase	and	one	homolog	of	 gibberellin‐3‐oxidase	 showed	a	 significant	
transcriptional	 induction	 in	 nsp1‐1	 across	 the	 whole	 time	 course.	 In	 A.	 thaliana,	
gibberellin‐20‐oxidases	 and	 gibberellin‐3‐oxidase‐1	 have	 been	 shown	 to	 be	
transcriptionally	upregulated	as	part	of	a	feedback	regulation	when	gibberellin	levels	in	
plants	 are	 low	 (Mitchum	 et	 al.,	 2006;	 Rieu	 et	 al.,	 2008;	 Hedden	 and	 Thomas,	 2012).		
Overall,	 these	 findings	 suggest	 that	NSP1	 is	 involved	 in	 the	 regulation	 of	 gibberellin	
production	in	roots	under	non‐symbiotic	conditions,	possibly	through	the	direct	control	
of	early	gibberellin	biosynthesis	genes.	
Notably,	 many	 of	 the	 genes	 involved	 in	 isoprenoid,	 carotenoid,	 strigolactone	 and	
gibberellin	biosynthesis	that	were	found	to	be	differentially	expressed	in	nsp1‐1	roots	in	
the	 absence	 of	 mycorrhizal	 fungi	 were	 significantly	 upregulated	 in	 wild‐type	 roots	
during	fungal	colonization	(Table	4.1,	genes	shown	in	blue).	These	results	indicate	that	









      Fold change in nsp1‐1 
Mtv4.0 ID  Annotation  ID and description of best BLAST hit in A. thaliana (TAIR)  8 dpi  13 dpi  27 dpi 
Isoprenoid biosynthesis         
Medtr8g068265  1‐deoxy‐xylulose‐5‐phosphate synthase   AT4G15560 (1‐deoxyxylulose 5‐phosphate synthase)  ‐3.0  ‐6.3  ‐8.7 
Medtr8g068300  1‐deoxy‐xylulose‐5‐phosphate synthase   AT4G15560 (1‐deoxyxylulose 5‐phosphate synthase,)  ‐18.8  ‐23.9  ‐33.7 
Medtr4g106870  1‐deoxy‐xylulose 5‐phosphate reductoisomerase   AT5G62790 (1‐deoxy‐xylulose 5‐phosphate reductoisomerase)  ‐1.9  ‐2.3  ‐3.0 
Medtr3g437340  4‐diphosphocytidyl‐2‐methyl‐erythritol kinase   AT2G26930 (4‐(cytidine 5'‐phospho)‐2‐methyl‐erithritol kinase)  ‐2.1  ‐2.5  ‐3.0 
Medtr2g094160  4‐hydroxy‐3‐methylbut‐2‐enyl diphosphate 
synthase  
AT5G60600 (4‐hydroxy‐3‐methylbut‐2‐enyl diphosphate synthase)  ‐1.7  ‐2.3  ‐2.4 
Medtr4g069030  4‐hydroxy‐3‐methylbut‐2‐enyl diphosphate 
reductase  




Carotenoid and strigolactone biosynthesis         
Medtr3g083630  squalene/phytoene synthase   AT5G17230 (phytoene synthase)  ‐114  ‐445  ‐665 
Medtr3g084830  phytoene dehydrogenase/chromoplastic protein   AT4G14210 (phytoene desaturase)  ‐1.8  ‐2.0  ‐2.3 
Medtr3g084850  phytoene dehydrogenase/chromoplastic protein   AT4G14210 (phytoene desaturase)  ‐1.9  ‐1.9  ‐2.3 
Medtr8g097190  15‐cis‐zeta‐carotene isomerase   AT1G10830 (15‐cis‐zeta‐carotene isomerase)  ‐3.6  ‐4.5  ‐5.8 
Medtr1g081290  zeta‐carotene desaturase   AT3G04870 (zeta‐carotene desaturase)  ‐1.8  ‐2.4  ‐2.9 
Medtr2g086700  capsanthin/capsorubin synthase  AT3G10230 (lycopene β‐cyclase)  n.s.  ‐1.5  ‐1.8 
Medtr1g054965  carotenoid isomerase   AT1G06820 (carotenoid isomerase)  ‐5.6  ‐5.6  ‐5.2 





      Fold change in nsp1‐1 
Mtv4.0 ID  Annotation  ID and description of best BLAST hit in A. thaliana (TAIR)  8 dpi  13 dpi  27 dpi 
Medtr3g104560  cytochrome P450 family protein   AT2G26170 (member of the CYP711A cytochrome P450 family)  ‐3.3  ‐3.6  ‐3.9 
Medtr7g079440  cytochrome P450 family monooxygenase   AT1G31800 (protein with β‐ring carotenoid hydroxylase activity)  ‐4.1  ‐5.0  ‐5.9 
Medtr1g471050  beta‐carotene isomerase D27   AT1G03055 (unknown protein)  ‐15.4  ‐23.3  ‐38.2 
Medtr7g045370  carotenoid cleavage dioxygenase CCD7   AT2G44990 (carotenoid cleavage dioxygenase CCD7)  ‐2.2  ‐2.5  ‐2.8 
Medtr3g109610  carotenoid cleavage dioxygenase CCD8  AT4G32810 (carotenoid cleavage dioxygenase CCD8)  ‐2.9  ‐5.8  ‐7.4 
Medtr7g063800  carotenoid cleavage dioxygenase   AT4G32810 (carotenoid cleavage dioxygenase CCD8)  ‐6.3  ‐12.9  ‐18.4 
Medtr8g037315  carotenoid cleavage dioxygenase CCD1  AT3G63520 (9‐cis‐epoxycarotenoid dioxygenase)  ‐1.7  ‐2.1  ‐2.3 




Gibberellic acid biosynthesis         
Medtr7g011663  copalyldiphosphate synthase   AT4G02780 (copalyl pyrophosphate synthase)  ‐43.6  ‐52.9  ‐59.5 
Medtr7g011730  copalyldiphosphate synthase   AT4G02780 (copalyl pyrophosphate synthase)  ‐15.8  ‐7.1  ‐4.7 
Medtr7g011770  copalyldiphosphate synthase   AT4G02780 (copalyl pyrophosphate synthase)  ‐8.5  ‐7.5  ‐9.0 
Medtr2g105360  ent‐kaurenoic acid oxidase   AT5G25900 (ent‐kaurene oxidase)  ‐2.8  ‐3.6  ‐4.7 
Medtr0045s0080  cytochrome P450 family 90 protein   AT2G32440 (ent‐kaurenoic acid hydroxylase)  ‐18.0  ‐6.0  ‐9.7 
Medtr0045s0070  cytochrome P450 family 90 protein   AT2G32440 (ent‐kaurenoic acid hydroxylase)  ‐448  ‐795  ‐302 
Medtr0045s0060  cytochrome P450 family 90 protein   AT2G32440 (ent‐kaurenoic acid hydroxylase)  ‐268  ‐126  ‐64.3 
Medtr1g102070  gibberellin 20‐oxidase   AT5G51810 (gibberellin 20‐oxidase)  5.8  4.6  3.8 
Medtr6g464620  gibberellin 20‐oxidase   AT4G25420 (gibberellin 20‐oxidase)  2.1  2.2  3.6 










upregulation	 across	 all	 three	 time	points	were	 considered	 to	 be	 good	 candidates	 for	
direct	targets	and	were	included	in	the	analyses.		




Indeed,	 several	 of	 the	 genes	 involved	 in	 strigolactone	 and	 gibberellin	 biosynthesis	
described	above	were	 found	 to	be	 among	 the	NSP1‐dependent	 genes	 induced	during	
mycorrhization,	 including	 two	 genes	 encoding	 enzymes	 from	 the	 isoprenoid	
biosynthesis	 pathway	 (DXS	 and	 4‐hydroxy‐3‐methylbut‐2‐enyl	 diphosphate	 synthase	




Interestingly,	many	 of	 the	 remaining	 genes	 involved	 in	 strigolactone	 and	 gibberellin	
biosynthesis	that	were	identified	to	be	downregulated	in	nsp1‐1	under	non‐symbiotic	









transcript	 levels	 in	 mycorrhized	 versus	 non‐mycorrhized	 wild‐type	 roots	 are	 given.	 FDR‐corrected	 p‐value	 <	 0.05	 for	 all	 fold	 changes	 shown.	 ‘N.s.’	 depicts	 a	
statistically	non‐significant	fold	change.	
	
      Fold change in the wild type 
Mtv4.0 ID  Annotation  ID and description of best BLAST hit in A. thaliana (TAIR)  8 dpi  13 dpi  27 dpi 
Isoprenoid biosynthesis         




Carotenoid and strigolactone biosynthesis         
Medtr8g097190  15‐cis‐zeta‐carotene isomerase   AT1G10830 (15‐cis‐zeta‐carotene isomerase)  1.5  1.6  1.6 
Medtr1g081290  zeta‐carotene desaturase   AT3G04870 (zeta‐carotene desaturase)  n.s.  1.5  1.5 
Medtr2g086700  capsanthin/capsorubin synthase  AT3G10230 (lycopene β‐cyclase)  n.s.  1.6  1.5 
Medtr3g109610  carotenoid cleavage dioxygenase CCD8   AT4G32810 (carotenoid cleavage dioxygenase CCD8)  2.0  2.1  2.0 




Gibberellic acid biosynthesis         
Medtr2g105360  cytochrome P450 family ent‐kaurenoic acid oxidase   AT5G25900 (ent‐kaurene oxidase, cytochrome p450)  1.9  2.0  1.6 
Medtr0045s0060  cytochrome P450 family 90 protein   AT2G32440 (ent‐kaurenoic acid hydroxylase KAO2)  1.9  1.8  n.s. 

















the	 closest	 homolog	 of	 CCD8	 (Medtr7g063800),	 whose	 expression	 was	 drastically	
reduced	 not	 only	 in	 nsp1‐1,	 but	 also	 in	 nsp2‐2	 roots	 under	 both	 non‐symbiotic	 and	






Although	 no	 mycorrhizal	 phenotype	 was	 observed	 for	 nsp2‐2	 under	 the	 conditions	
tested	here,	global	gene	expression	profiling	identified	a	large	number	of	genes	whose	
expression	was	dependent	on	NSP2	under	non‐symbiotic	conditions	and	during	the	late	
stages	 of	 AM	 development.	 Specifically,	 193	 genes	 were	 identified	 that	 were	
differentially	 expressed	 in	 nsp2‐2	 roots	 at	 all	 three	 time	 points	 in	 the	 absence	 of	
mycorrhizal	 fungi	(Chapter	3,	Figure	3.9).	To	investigate	the	biological	processes	that	
might	 be	 regulated	 by	 NSP2	 under	 non‐symbiotic	 conditions,	 a	 singular	 GO	 term	
enrichment	analysis	of	these	genes	was	performed,	revealing	several	enriched	GO	terms	









In	addition,	 the	 functions	of	 the	genes	 that	were	consistently	dependent	on	NSP2	 for	
their	 induction	 during	 mycorrhization	 were	 investigated	 to	 gain	 insights	 into	 the	
mycorrhizal	processes	that	might	be	regulated	by	NSP2.	A	GO	term	enrichment	analysis	
with	these	NSP2‐dependent	genes	revealed	several	enriched	GO	terms	associated	with	


















to	 test	 the	ability	of	 the	GRAS‐domain	proteins	 to	directly	 regulate	 the	expression	of	
genes	 identified	 by	 transcriptional	 profiling	 described	 above.	 To	 this	 end,	 the	 GRAS‐
domain	proteins	were	constitutively	expressed	in	N.	benthamiana	leaves	together	with	
the	firefly	LUCIFERASE	(LUC)	gene	fused	to	promoter	sequences	of	known	and	potential	
direct	 target	 genes.	 The	 ability	 of	 transcription	 factors	 to	 activate	 reporter	 gene	
expression	 from	 a	 specific	 promoter	 sequence	 was	 determined	 by	 enzymatic	
quantification	of	the	LUC	activity	in	transformed	leaf	tissues.	To	account	for	variability	
in	 the	 efficiency	 of	 transformation	 and	 protein	 extraction,	 the	 LUC	 activity	 was	






The	 conditions	 for	 transient	 transformation,	 protein	 extraction,	 and	 enzyme	 activity	
assays	were	optimised	using	an	expression	vector	containing	NSP1	or	NSP2	alone	or	in	
combination	and	the	LUC	gene	under	the	control	of	the	ENOD11	promoter,	which	had	
previously	 been	 shown	 to	 be	 bound	 and	 activated	 by	 a	 complex	 of	 NSP1	 and	 NSP2	
(Hirsch	et	al.,	2009;	Cerri	et	al.,	2012).	The	same	expression	vector	containing	all	 the	
components	 but	 lacking	 the	 genes	 encoding	 the	 transcription	 factors	 served	 as	 a	
negative	 control.	 No	 induction	 of	 LUC	 activity	 was	 observed	 when	 expressing	NSP1	
alone,	while	 a	 small,	 but	 statistically	 significant	 induction	was	 seen	when	expressing	
NSP2	(Figure	4.7	B).	The	expression	of	both	NSP1	and	NSP2	together	resulted	in	a	very	
strong	induction	of	LUC	activity,	suggesting	that	the	complex	of	NSP1	and	NSP2	is	able	
to	 activate	 gene	 expression	 from	 the	 ENOD11	 promoter	 more	 efficiently	 than	 the	
individual	transcription	factors	alone.	These	results	are	consistent	with	the	findings	of	
Cerri	 and	 colleagues	 (Cerri	 et	 al.,	 2012)	 and	 confirm	 that	 the	 transactivation	 assay	
developed	here	 is	 suited	 to	measure	 the	 ability	 of	 individual	 transcription	 factors	 or	
transcription	factor	complexes	to	activate	gene	expression.	
Next,	I	investigated	whether	NSP1	is	able	to	activate	the	expression	of	the	strigolactone	
biosynthesis	 gene	D27,	which	 showed	 a	 strongly	 reduced	 expression	 in	nsp1‐1	 roots	
compared	 to	 the	 wild	 type	 under	 low	 phosphate	 conditions	 and	 in	 the	 absence	 of	
mycorrhizal	 fungi	 (Liu	 et	 al.,	 2011,	 results	 presented	 here).	 The	 expression	 of	NSP1	
together	with	LUC	under	the	control	of	the	3	kb	long	D27	promoter	did	not	result	in	the	


























combinations	 of	 transcription	 factors.	 Furthermore,	 as	 a	 heterologous	 system,	 the	
conditions	 for	 the	 regulation	 of	 gene	 expression	 are	 likely	 to	 be	 different	 in	 N.	
benthamiana	leaves	from	the	conditions	in	M.	truncatula	roots	during	symbiosis.	Thus,	
M.	 truncatula	 lines	 stably	 expressing	GFP‐tagged	NSP1	 (generated	 by	 Jian	 Feng)	 and	
NSP2	were	generated	to	identify	the	genome‐wide	binding	sites	of	these	transcription	
factors	 by	 performing	 chromatin‐immunoprecipitation	 assays	 followed	 by	 Illumina	
deep	sequencing	(ChIP‐seq).	To	ensure	the	functionality	of	the	GFP‐fusion	proteins,	the	
stably	 transformed	 M.	 truncatula	 plants	 expressing	 GFP‐NSP1	 or	 NSP2‐GFP	 in	 the	
corresponding	mutant	backgrounds	were	 tested	 for	 their	 ability	 to	 form	a	 functional	













with	 GFP‐NSP1	 expressing	 lines	 grown	 under	 low	 phosphate	 conditions	 and	 in	 the	
absence	of	mycorrhizal	 fungi.	As	several	 lines	of	evidence	suggest	that	D27	 is	directly	

























well	 understood.	 Under	 low	 nutrient	 conditions,	 the	 production	 of	 strigolactones	 is	
induced	by	the	transcriptional	upregulation	of	genes	encoding	key	biosynthetic	enzymes	
such	as	D27	(Liu	et	al.,	2012).	After	release	into	the	rhizosphere,	these	hormones	act	as	



















downregulated	 genes	 in	 nsp1‐1.	 These	 findings	 suggest	 that	 NSP1	 might	 not	 only	
regulate	genes	 involved	 in	 the	 late	steps	of	strigolactone	biosynthesis,	but	might	also	
directly	control	several	other	key	genes	in	isoprenoid	and	carotenoid	biosynthesis	under	
pre‐symbiotic	 conditions.	 Alternatively,	 the	 lack	 of	 D27	 expression	 in	 nsp1‐1	 roots	
during	phosphate	starvation	and	the	resulting	block	in	strigolactone	production	might	
indirectly	reduce	the	transcript	levels	of	genes	acting	upstream	and	downstream	of	D27	
through	 feedback	 regulation	 mediated	 by	 other	 transcriptional	 regulators.	 The	
transactivation	assay	 in	N.	benthamiana	 leaves	 and	ChIP‐seq	assays	with	 lines	 stably	
expressing	GFP‐tagged	NSP1	provide	useful	tools	for	future	research	investigating	which	
of	these	genes	are	bound	and	thus	directly	regulated	by	NSP1.	




et	 al.,	 2011).	 The	 observed	 lack	 of	pD27‐LUC	 induction	when	 expressing	NSP1	 alone	
further	 indicates	 that	 similar	 to	 the	 activation	 of	 the	 rhizobial‐induced	 promoters	
pENOD11	and	pERN1,	NSP1	requires	NSP2	to	be	able	to	activate	gene	expression	from	






3.2.1).	 Liu	 and	 colleagues	 have	 previously	 shown	 that	 the	 expression	 of	 D27	 in	M.	
truncatula	 not	 only	 depends	 on	 phosphate,	 but	 also	 on	 nitrogen	 levels,	 with	 D27	









protein	 MIG1	 as	 an	 interaction	 partner	 of	 NSP1	 and	 DELLA1	 (Heck	 et	 al.,	 2016).	

















absent	 in	nsp2	 root	 exudates	 (Liu	 et	 al.,	 2011).	 Based	 on	 these	 findings,	 it	 has	 been	




here	 indicate	 that	 NSP1	 and	 NSP2	 have	 different	 roles	 in	 regulating	 strigolactone	
production	 at	 the	 pre‐symbiotic	 stage	 of	 AM	 symbiosis.	 Importantly,	 the	 amounts	 of	
different	 strigolactone	 variants	 were	 found	 to	 differ	 significantly	 between	 the	 two	
mutants,	 with	 orobanchol	 being	 completely	 absent	 in	 nsp1	 root	 exudates,	 but	
accumulating	in	nsp2	roots	(Liu	et	al.,	2011).	Interestingly,	orobanchol	has	been	shown	
to	 be	 able	 to	 induce	 hyphal	 branching	 of	 germinating	 fungal	 spores	 (Akiyama	 et	 al.,	
2010).	 It	 is	 therefore	 perhaps	 not	 surprising	 that	 nsp2‐2	 appears	 to	 have	 a	 weaker	
mycorrhizal	 phenotype	 than	nsp1‐1,	 especially	when	 assuming	 that	 the	nsp1	mutant	
phenotype	is	at	least	partly	caused	by	the	complete	lack	of	strigolactones	in	nsp1	root	
exudates	 at	 pre‐symbiotic	 stages.	 The	 results	 obtained	 here	 suggest	 that	 NSP2	 is	









revealed	 that	 many	 genes	 involved	 in	 isoprenoid,	 carotenoid	 and	 strigolactone	
biosynthesis	were	transcriptionally	induced	during	mycorrhization	in	wild‐type	roots.	
The	 genes	 encoding	 the	 two	 isoprenoid	 enzymes	 DXS	 and	 DXR	 and	 the	 carotenoid	
enzymes	 ZDS	 and	 PDS	 have	 previously	 been	 found	 to	 be	 upregulated	 upon	 fungal	
colonization	in	M.	truncatula	and	Nicotiana	tabacum	(Fester	et	al.,	2002;	Walter	et	al.,	
2002;	Lohse	et	al.,	2005).	In	line	with	this,	a	recent	study	has	shown	that	the	levels	of	
strigolactones	 increase	 in	mycorrhized	 tomato	roots	 (López‐Ráez	et	 al.,	 2015).	These	
findings	suggest	that	strigolactones	are	not	only	important	at	the	pre‐symbiotic	stage	of	
AM	development,	but	might	also	play	a	role	at	 later	stages	during	the	colonization	of	
roots	 by	 AM	 fungi.	 While	 the	 role	 of	 strigolactones	 at	 the	 pre‐contact	 stage	 of	 AM	
symbiosis	 is	 well	 characterised,	 the	 potential	 role	 of	 strigolactones	 during	 fungal	






the	 roots,	 strigolactones	 primarily	 act	 on	 the	 fungus.	At	 late	 stages	 of	 the	 symbiosis,	
strigolactone	production	has	been	found	to	decrease	in	several	plant	species,	and	it	has	





the	 symbiosis,	 although	 the	 functions	 of	 these	 compounds	 in	 AM	 development	 are	
currently	 unknown	 (Walter	 et	 al.,	 2007).	 Thus,	 the	 upregulation	 of	 isoprenoid	 and	
carotenoid	 biosynthesis	 genes	 in	 mycorrhized	 roots	 observed	 here	 might	 promote	







Only	 a	 few	 of	 the	 genes	 involved	 in	 strigolactone	 biosynthesis	 showed	 an	 abolished	
induction	 in	 nsp1‐1	 during	 mycorrhization,	 suggesting	 that	 NSP1	 is	 involved	 in	 the	
regulation	of	only	a	subset	of	these	biosynthesis	genes	during	fungal	colonization	of	the	
roots.	By	contrast,	the	majority	of	the	genes	induced	in	the	wild	type,	including	PSY	and	
D27,	 did	 not	 require	 NSP1	 for	 their	 upregulation	 during	 mycorrhizal	 colonization.	
Promoter‐GUS	studies	 indicate	that	D27	 is	expressed	 in	arbuscule‐harbouring	cells	of	
mycorrhized	roots,	and	this	expression	is	not	abolished	in	an	nsp1	mutant	background	
(Bruno	 Guillotin	 and	 Guillaume	 Bécard,	 personal	 communication).	 In	 L.	 japonicus,	 a	
similar	NSP1‐independent	 induction	 of	D27	 in	mycorrhized	 roots	 has	 been	 reported	
(Nagae	et	al.,	2014).	Together,	these	results	suggest	that	other	transcription	factors	must	
be	involved	in	the	transcriptional	regulation	of	these	strigolactone	biosynthesis	genes	





Considering	 that	 strigolactones	 are	 not	 detectable	 in	 nsp1	 root	 exudates,	 one	would	




architecture	 (Bruno	 Guillotin	 and	 Guillaume	 Bécard,	 personal	 communication).	 The	
observation	 that	many	 strigolactone	biosynthesis	 genes	appear	 to	be	 induced	during	
mycorrhization	even	in	the	absence	of	NSP1	suggests	that	strigolactone	production	in	





In	 addition	 to	 the	 function	 of	 NSP1	 in	 the	 control	 of	 strigolactone	 production,	
transcriptomic	profiling	has	also	revealed	a	role	for	NSP1	in	the	regulation	of	gibberellin	
biosynthesis	 under	 non‐symbiotic	 conditions.	 Gibberellins,	 just	 like	 carotenoids	 and	






low	 levels	 of	 gibberellins	 in	 nsp1‐1	 roots.	 This	 hypothesis	 is	 supported	 by	 the	
observation	 that	 transcript	 levels	 of	 late	 gibberellin	 biosynthesis	 genes	 such	 as	
gibberellin‐20	 oxidase	 and	 gibberellin‐3	 oxidase	 were	 upregulated	 in	 nsp1‐1.	 In	 A.	
thaliana,	 these	 genes	 have	 previously	 been	 shown	 to	 be	 regulated	 by	 a	 feedback	
mechanism,	with	low	levels	of	gibberellins	causing	the	upregulation	of	two	gibberellin‐
20	 oxidases	 and	 one	 gibberellin‐3	 oxidase	 (Mitchum	 et	 al.,	 2006;	 Rieu	 et	 al.,	 2008;	





Similar	 to	 the	 genes	 involved	 in	 strigolactone	 biosynthesis,	 several	 genes	 that	 are	
required	 for	 gibberellin	 biosynthesis	 were	 induced	 in	 wild‐type	 roots	 during	 fungal	
colonization.	This	is	consistent	with	previous	studies	showing	that	gibberellin	levels	and	
the	 expression	 of	 gibberellin	 biosynthesis	 genes	 increase	 in	mycorrhized	 roots	 in	M.	
truncatula	and	L.	japonicus	(Gomez	et	al.,	2009;	Guether	et	al.,	2009;	Ortu	et	al.,	2012;	
Takeda	et	 al.,	 2015).	 In	nsp1‐1	roots,	 the	 induction	of	 genes	encoding	KO,	KAO2,	and	














appears	 to	be	 crucial	 for	 the	proper	 establishment	of	 a	 functional	AM	symbiosis	 and	






in	 gibberellin	 biosynthesis	 depends	 on	 NSP1	 suggests	 that	 NSP1	 contributes	 to	
maintaining	the	right	levels	of	gibberellins	in	roots.	It	is	conceivable	that	the	reduction	









the	 regulation	 of	 hormone	 biosynthesis	 at	 pre‐symbiotic	 stages	 and	 partially	 during	
mycorrhizal	 colonization	of	 roots.	The	results	obtained	here	suggest	 that	NSP1	 is	not	
only	 required	 for	 strigolactone	 production,	 but	 also	 plays	 a	 role	 in	 the	 regulation	 of	
gibberellin	 biosynthesis.	 Meanwhile,	 the	 role	 of	 NSP2	 in	 mycorrhization	 remains	
unclear.	 NSP2	 appears	 to	 have	 a	 different	 role	 than	 NSP1	 in	 the	 regulation	 of	
strigolactone	production,	and	the	unaltered	expression	levels	of	gibberellin	biosynthesis	
genes	 further	 suggest	 that	 unlike	 NSP1,	 NSP2	 is	 not	 required	 for	 the	 regulation	 of	


















Figure	4.1:	 Gene	 ontology	 (GO)	 analysis	 of	NSP1‐dependent	 genes.	 Significantly	 enriched	GO	
terms	 of	 genes	 differentially	 expressed	 in	 non‐mycorrhized	 nsp1‐1	 roots	 compared	 to	 non‐
mycorrhized	wild‐type	 roots	 (A)	 and	 genes	 that	were	 found	 to	 be	 consistently	dependent	on	
NSP1	for	their	induction	during	mycorrhization	(B)	are	shown.	Singular	enrichment	analysis	was	












phosphate,	 DXS,	 1‐deoxyxylulose	 5‐phosphate	 synthase,	 DXP,	 1‐deoxy‐xylulose‐5‐phosphate,	
DXR,	1‐deoxy‐xylulose‐5‐phosphate	reducto‐isomerase,	MEP,	2‐methyl‐erythritol‐4‐phosphate,	
CMS,	 4‐diphosphocytidyl‐2‐methyl‐erythritol	 synthase,	 CMK,	 4‐diphosphocytidyl‐2‐methyl‐
erythritol	 kinase,	MCS,	 2‐methyl‐erythritol	 2,4‐cyclodiphosphate	 synthase,	 HDS,	 4‐hydroxy‐3‐
methylbut‐2‐enyl	diphosphate	synthase,	HMBPP,	1‐hydroxy‐2‐methyl‐2‐butenyl	4‐diphosphate,	
HDR,	 4‐hydroxy‐3‐methylbut‐2‐enyl	 diphosphate	 reductase,	 IPP,	 isopentenyl	 diphosphate,	
DMAPP,	 dimethylallyl	 diphosphate,	 GGPS,	 geranylgeranyl	 pyrophosphate	 synthase,	 GGDP,	
geranylgeranyl	 pyrophosphate,	 CPS,	 copalyl	 pyrophosphate	 synthase,	 ent‐CDP,	 ent‐copalyl	
diphosphate,	 KS,	 ent‐kaurene	 synthase	 KO,	 ent‐kaurene	 oxidase,	 KAO,	 ent‐kaurenoic	 acid	











Figure	4.3:	Quantification	of	 transcript	 levels	of	genes	 involved	 in	 isoprenoid	and	carotenoid	




































Figure	4.6:	 Gene	 ontology	 (GO)	 analysis	 of	NSP2‐dependent	 genes.	 Significantly	 enriched	GO	
terms	 of	 genes	 differentially	 expressed	 in	 non‐mycorrhized	 nsp2‐2	 roots	 compared	 to	 non‐
mycorrhized	wild‐type	 roots	 (A)	 and	 genes	 that	were	 found	 to	 be	 consistently	dependent	on	
NSP2	for	their	induction	during	mycorrhization	(B)	are	shown.	Singular	enrichment	analysis	was	















leaf	 discs.	 The	 same	 expression	 vectors	 containing	 all	 the	 components	 except	 for	 the	 genes	















Figure	 4.8:	 Complementation	 of	 the	 nsp1‐1	 mutant	 phenotype	 by	 stable	 expression	 of	




















Figure	 4.9:	 Complementation	 of	 the	 nsp2‐2	 mutant	 phenotype	 by	 stable	 expression	 of	
























grey)	 that	 served	 as	 negative	 control.	 No	 enrichment	 compared	 to	 the	 negative	 control	 was	
observed	 in	 any	 of	 the	 promoter	 regions	 tested	 when	 using	 the	 M.	 truncatula	 line	 stably	



















et	 al.,	 2012;	 Park	 et	 al.,	 2015;	 Rich	 et	 al.,	 2015;	 Pimprikar	 et	 al.,	 2016;	 Chapter	 2).	




points	 tested.	Global	 gene	expression	profiling	has	provided	 further	 insights	 into	 the	
transcriptional	changes	that	take	place	in	ram1‐1	roots	and	has	revealed	a	large	number	
of	genes	that	are	dependent	on	RAM1	for	their	induction	during	mycorrhization	(Chapter	
3),	 consistent	with	 the	drastic	 reduction	 in	mycorrhizal	 colonization	observed	 in	 the	
mutant.	
To	 date,	 the	 only	 gene	 that	 is	 known	 to	 be	 directly	 regulated	 by	 RAM1	 during	 AM	










enzyme	 required	 for	 cutin	 biosynthesis,	 is	 able	 to	 restore	 mycorrhization	 in	 the	M.	





In	 a	 recent	 study,	RAM1	 has	 also	 been	 shown	 to	 be	 required	 for	 the	 transcriptional	





However,	 evidence	 for	 the	 direct	 regulation	 of	 these	 genes	 by	 RAM1,	 for	 example	
through	binding	studies,	is	currently	lacking.	
Previous	attempts	 to	 identify	genes	 that	are	regulated	by	RAM1	have	been	 limited	to	








candidates	 for	 mycorrhization	 emerged,	 including	 three	 AP2‐domain	 proteins	 with	
homology	 to	A.	 thaliana	WRINKLED	 transcription	 factors	and	 two	ABCG	 transporters	
with	 a	 putative	 role	 in	 lipid	 secretion.	 The	 role	 of	 these	 genes	 during	 mycorrhizal	
colonization	 was	 investigated	 by	 examining	 their	 spatial	 expression	 patterns	 in	
mycorrhized	roots.	Furthermore,	plants	carrying	TNT1	insertions	in	one	of	the	putative	
lipid	 transporters	 were	 characterised	 for	 fungal	 colonization	 in	 a	 mycorrhizal	 time	










1	 roots	 identified	 only	 a	 very	 small	 number	 of	 genes	 that	 were	 consistently	 up‐	 or	
downregulated	 in	 the	 absence	 of	 mycorrhizal	 fungi	 at	 all	 three	 time	 points	 tested	
(Chapter	3,	Figure	3.10,	Table	A5).	Investigating	the	potential	functions	of	these	genes	
did	not	reveal	any	obvious	biological	processes	they	might	be	involved	in.	Thus,	RAM1	




Comparing	 the	mycorrhizal‐induced	genes	 in	wild‐type	roots	 to	 the	genes	 induced	 in	
ram1‐1	roots	led	to	the	identification	of	768	genes	whose	upregulation	was	consistently	
dependent	on	RAM1	over	the	whole	time	course	of	fungal	colonization	(Chapter	3,	Figure	
3.6).	 These	 genes	 likely	 include	 direct	 transcriptional	 targets	 of	 RAM1	 and	 were	
therefore	further	investigated	regarding	their	potential	functions	in	AM	development.	
First,	 a	 singular	 GO	 term	 enrichment	 analysis	 of	 the	 RAM1‐dependent	 genes	 was	
performed	with	the	whole	M.	truncatula	genome	as	background	using	the	analysis	tool	
Agrigo	 (http://bioinfo.cau.edu.cn/agriGO/).	 Several	 significantly	 enriched	 GO	 terms	
were	identified,	including	terms	associated	with	lipid	and	carbohydrate	metabolism	as	
well	as	transport	across	membranes	(Figure	5.1).	To	further	investigate	the	functions	of	


















nitrogen‐deprived	 pt4	 mutant	 roots	 and	 has	 been	 speculated	 to	 have	 a	 signalling	
function	to	inform	the	plant	about	the	nutrient	status	(Breuillin‐Sessoms	et	al.,	2015).	











Several	 genes	 involved	 in	 sugar	 metabolism	 and	 transport	 were	 also	 found	 to	 be	
dependent	on	RAM1	 for	 their	 transcriptional	 induction	during	mycorrhization	 (Table	
5.1).	Among	these	genes	were	a	number	of	genes	encoding	enzymes	that	catalyse	the	late	
steps	 of	 glycolysis,	 including	 a	 glyceraldehyde‐3‐phosphate‐dehydrogenase,	 three	
subunits	 of	 pyruvate	 kinase,	 and	 a	 subunit	 of	 the	 pyruvate	 dehydrogenase	 complex.	
Furthermore,	four	putative	sugar	transporters	lacked	transcriptional	induction	in	ram1‐
1.	 The	 bidirectional	 transporter	SWEET1b	 showed	 a	 relatively	 strong	 transcriptional	
upregulation	in	wild‐type	roots	at	13	dpi	and	27	dpi,	but	was	not	significantly	induced	
at	any	time	point	in	ram1‐1.	Analysing	the	expression	of	this	gene	in	the	M.	truncatula	
gene	 expression	 atlas	 (http://mtgea.noble.org/v3/)	 revealed	 that	 SWEET1b	 is	 most	
strongly	induced	in	arbuscule‐containing	cells.	A	recent	study	into	the	family	of	SWEET	
sugar	transporters	in	potato	has	proposed	that	these	transporters	might	be	involved	in	
providing	 sugars	 to	 the	 fungus,	 consistent	 with	 the	 expression	 of	 some	 of	 the	










      Fold change in the wild type 
Mtv4.0 ID  Annotation  ID and description of best BLAST hit in A. thaliana (TAIR)  8 dpi  13 dpi  27 dpi 
Phosphate and ammonium transport         
Medtr1g028600  high affinity inorganic phosphate transporter PT4  AT5G43370, encodes a phosphate transporter Pht1‐2  1298  22666  12472 




Sugar metabolism and transport         
Medtr3g089125  bidirectional sugar transporter SWEET1b  AT1G21460, nodulin MtN3 family protein  n.s.  91.7  47.2 
Medtr4g131800  glucose 6‐phosphate/phosphate translocator 1   AT1G61810, beta‐glucosidase 45  n.s.  2.4  4.3 
Medtr4g090600  polyol/monosaccharide transporter 1   AT1G11260, encodes a H+/hexose cotransporter  n.s.  2.4  11.1 
Medtr8g077890  polyol/monosaccharide transporter 1   AT2G18480,  major  facilitator  superfamily  protein  with  sugar‐
hydrogen symporter activity 
n.s.  35.5  87.5 
Medtr6g022630  glyceraldehyde‐3‐phosphate dehydrogenase   AT1G13440, glyceraldehyde‐3‐phosphate dehydrogenase C2  n.s.  n.s.  26.9 
Medtr6g034195  pyruvate kinase family protein   AT5G52920, chloroplast pyruvate kinase beta subunit  n.s.  n.s.  1.8 
Medtr1g105965  pyruvate kinase family protein   AT3G22960, chloroplast pyruvate kinase alpha subunit  n.s.  1.7  3.0 
Medtr1g076540  pyruvate kinase family protein   AT3G22960, chloroplast pyruvate kinase alpha subunit  n.s.  n.s.  1.5 







      Fold change in the wild type 
Mtv4.0 ID  Annotation  ID and description of best BLAST hit in A. thaliana (TAIR)  8 dpi  13 dpi  27 dpi 
Lipid biosynthesis and secretion         
Medtr7g009410  AP2 domain transcription factor   AT3G54320, WRINKLED1   37.2  513  732 
Medtr6g011490  AP2 domain transcription factor   AT3G54320, WRINKLED1  5.9  72.1  127 
Medtr8g468920  AP2‐like ethylene‐responsive transcription factor   AT3G54320, WRINKLED1  85.5  1053  1152 
Medtr1g040500  glycerol‐3‐phosphate acyltransferase RAM2  AT2G38110, glycerol‐3‐phosphate acyltransferase   4.0  39.3  71.9 
Medtr1g109110  palmitoyl‐acyl carrier thioesterase FatM   AT1G08510, acyl‐acyl carrier protein thioesterase  13.1  171  166 
Medtr4g093845  white‐brown‐complex ABC transporter   AT1G17840, ABC transporter required for cutin transport   39.7  209  2495 
Medtr4g094090  white‐brown‐complex ABC transporter   AT1G17840, ABC transporter required for cutin transport  n.s.  2.1  n.s. 
Medtr6g021915  glycerol‐3‐phosphate dehydrogenase, NAD   AT5G40610,  NAD‐dependent  glycerol‐3‐phosphate  dehydro‐
genase family protein 
n.s.  1.7  3.7 






Medtr3g073820  acetyl‐CoA carboxylase   AT1G36160, encodes an acetyl‐CoA carboxylase  n.s.  26.7  84.3 
Medtr5g084950  triacylglycerol lipase‐like protein   AT5G14180, Myzus persicae‐induced lipase 1   n.s.  2.3  3.3 
Medtr7g081050  triacylglycerol lipase‐like protein   AT5G14180, Myzus persicae‐induced lipase 1  n.s.  299  2612 






      Fold change in the wild type 
Mtv4.0 ID  Annotation  ID and description of best BLAST hit in A. thaliana (TAIR)  8 dpi  13 dpi  27 dpi 
Medtr7g117280  triacylglycerol lipase   AT3G61680, alpha/beta‐hydrolase with triglyceride lipase activity  n.s.  3.0  5.4 
Medtr8g074560  GDSL‐like lipase/acylhydrolase   AT5G55050, GDSL‐like lipase/acylhydrolase superfamily protein  49.1  511  1981 
Medtr1g030220  GDSL‐like lipase/acylhydrolase   AT3G26430, GDSL‐like Lipase/Acylhydrolase  n.s.  n.s.  3.2 
Medtr4g077180  lipid transfer protein   AT4G33550, lipid‐transfer protein  288  7122  2412 
Medtr4g076150  lipid transfer protein   AT4G33550, lipid‐transfer protein  n.s.  426  973 
Medtr5g081780  polyketide cyclase/dehydrase and lipid transporter   AT2G25770, polyketide cyclase/dehydrase and lipid transporter  49.0  328  1239 
Medtr3g079190  neutral/alkaline non‐lysosomal ceramidase   AT2G38010, neutral/alkaline non‐lysosomal ceramidase  319  4894  6947 
Medtr8g094740  fatty acid amide hydrolase‐like protein   AT5G64440, fatty acid amide hydrolase  n.s.  1.7  2.0 
Medtr2g010180  fatty acid amide hydrolase‐like protein   AT5G64440, fatty acid amide hydrolase  n.s.  n.s.  1.6 
Medtr1g103110  acetyltransferase (GNAT) domain protein   AT2G32020, acyl‐CoA N‐acyltransferase  n.s.  n.s.  2.8 







In	 line	with	 the	 GO	 term	 analysis,	 the	 largest	 group	 of	 genes	 that	were	 consistently	
dependent	on	RAM1	during	mycorrhization	were	associated	with	lipid	biosynthesis	and	
putative	 lipid	 secretion	 (Table	 5.1).	 Consistent	 with	 previous	 findings,	 the	
transcriptional	 induction	 of	 the	 glycerol‐3‐phosphate	 acyltransferase	 RAM2	 was	
completely	abolished	in	ram1‐1	roots	at	all	three	time	points	tested	(Gobbato	et	al.,	2012;	
Park	et	al.,	2015;	Rich	et	al,	2015).	Furthermore,	 the	expression	of	 the	palmitoyl‐acyl	
carrier	 thioesterase	 FatM,	 a	 gene	 that	 has	 recently	 been	 found	 to	 be	 evolutionarily	
conserved	 in	 AM‐forming	 species,	 was	 dependent	 on	 RAM1	 (Bravo	 et	 al.,	 2016).	 In	
addition,	 a	 number	 of	 other	 genes	 involved	 in	 lipid	 metabolism,	 including	 several	
putative	triacylglycerol	lipases,	GDSL‐like	lipases,	and	a	non‐lysosomal	ceramidase	were	
found	to	be	among	the	potential	RAM1	targets.	In	addition	to	the	genes	involved	in	lipid	
metabolism,	 three	AP2‐domain	 transcription	 factors	 showed	 a	 strong	 transcriptional	
upregulation	 during	 fungal	 colonization	 in	 the	 wild	 type,	 while	 their	 induction	 was	
completely	 abolished	 in	 ram1‐1.	 Conducting	 a	 BLAST	 search	with	 the	 corresponding	
protein	 sequences	 against	 the	A.	 thaliana	 proteome	 revealed	 that	 these	 proteins	 are	









that	 lacked	 induction	 in	 ram1‐1	 (Table	5.1),	 suggesting	 that	 the	WRI	 homologs	 in	M.	
truncatula	 might	 regulate	 the	 equivalent	 target	 genes	 in	 glycolysis	 and	 fatty	 acid	
biosynthesis	during	AM	symbiosis.	A	phylogenetic	analysis	with	the	closest	homologs	of	
the	WRI	proteins	 in	M.	 truncatula,	A.	 thaliana,	Oryza	sativa,	 and	Marchantia	paleacea	
further	revealed	that	the	genome	of	M.	truncatula	encodes	eight	WRI‐like	genes,	which	
subsequently	 are	 referred	 to	 as	MtWRI1‐MtWRI8	 (Figure	 5.2).	 	 The	 analysis	 of	 the	














(Zhang	 et	 al.,	 2010),	 the	 two	 ABCG	 transporters	 identified	 here	 are	 subsequently	
referred	 to	 as	 MtABCG3	 (Medtr4g093845)	 and	 MtABCG4	 (Medtr4g094090).	 While	
MtABCG3	 showed	a	very	strong	 induction	 in	mycorrhized	wild‐type	roots	at	all	 three	
time	points,	MtABCG4	was	weakly	upregulated	in	wild‐type	roots	only	at	13	dpi.	Finally,	
two	genes	encoding	lipid	transfer	proteins,	which	have	been	proposed	to	function	in	the	
secretion	 of	 lipids	 (Samuels	 et	 al.,	 2008),	were	 strongly	 upregulated	 in	mycorrhized	
wild‐type,	but	not	ram1‐1	roots	(Table	5.1).		
To	 confirm	 the	 results	 obtained	 by	 RNA‐seq,	 the	 expression	 levels	 of	 RAM2,	 FatM,	
MtABCG3,	 and	 MtWRI1	 were	 examined	 using	 qRT‐PCR	 (Figure	 5.4).	 No	 significant	
upregulation	of	 these	genes	was	observed	 in	mycorrhized	ram1‐1	 roots,	while	all	 the	
tested	genes	showed	a	strong	induction	in	mycorrhized	wild‐type,	nsp1‐1,	and	nsp2‐2	
roots.	These	results	confirm	that	RAM1	is	essential	for	the	upregulation	of	several	genes	













fatty	 acid	 synthase,	 and	 are	 therefore	 unlikely	 to	 be	 capable	 of	 de	 novo	 fatty	 acid	
synthesis	(Tisserant	et	al.,	2013;	Wewer	et	al.,	2014).	Labelling	studies	suggest	that	lipid	









the	 fungus	 (Peter	 Eastmond	 and	 Ertao	 Wang,	 personal	 communication).	 Other	
components	 of	 this	 pathway	 are	 currently	 unknown,	 however,	 several	 of	 the	 genes	






during	 mycorrhization	 in	 a	 RAM1‐independent	 manner,	 and	MtWRI6,	 which	 did	 not	
display	an	increased	expression	upon	fungal	colonization,	were	included	in	the	analysis.	
To	this	end,	the	promoter	sequences	were	fused	to	the	GUS	reporter	gene	and	expressed	





were	 in	 direct	 contact	 with	 fungal	 hyphae	 (Figure	 5.5;	 Gobbato	 et	 al.,	 2013).	 In	 the	
absence	of	mycorrhizal	fungi,	RAM2	expression	was	localized	to	the	tip	regions	of	the	
roots.	Very	similar	expression	patterns	were	observed	for	FatM,	MtABCG3,	and	the	four	
mycorrhizal‐induced	WRI	 genes,	 which	 all	 showed	 a	 strong	 induction	 of	 promoter	
activity	 in	 arbuscule‐containing	 cells,	 but	 did	 not	 appear	 to	 be	 expressed	 in	 cells	
surrounding	 hyphopodia	 (Figures	 5.6	 –	 5.11).	 In	 non‐mycorrhized	 roots,	 a	 weak	
expression	of	FatM	 and	 several	WRI	 genes	was	 visible	 in	 the	 cortex	 and	 in	 root	 tips,	
suggesting	that	the	expression	of	these	genes	is	not	entirely	specific	to	colonized	root	
tissues.	In	accordance	with	the	findings	of	the	global	gene	expression	profiling,	no	GUS	
staining	 associated	 with	 mycorrhizal	 structures	 was	 observed	 in	 colonized	 roots	









and	suggest	 that	 these	genes	could	be	part	of	 the	same	 lipid	biosynthesis	and	export	
pathway.	
	
5.2.3  Mycorrhizal  colonization  is  only  weakly  affected  in  plants  carrying  a 
mutation in the half‐size ABCG transporter MtABCG3  
The	 strong	 transcriptional	 upregulation	 in	 arbuscule‐containing	 cells	 and	 the	 close	
phylogenetic	relationship	with	A.	thaliana	lipid	transporters	make	the	mycorrhizal	ABCG	
transporter	MtABCG3	 a	 good	 candidate	 for	mediating	 lipid	 transfer	 to	 the	 fungus.	To	
further	investigate	whether	this	transporter	has	a	function	in	AM	symbiosis,	seeds	from	
three	M.	truncatula	lines	(NF20376,	NF11484,	and	NF1558)	carrying	a	TNT1	insertion	










The	TNT1	 transposon	 is	 approximately	 5000	bp	 long	 and	 is	 therefore	 anticipated	 to	
create	null	mutants	when	located	in	an	exon.	To	confirm	that	no	full‐length	transcript	
was	 expressed	 in	 the	 three	 mutant	 lines,	 RT‐PCR	 was	 performed	 with	 RNA	 from	
mycorrhized	roots.	Using	gene‐specific	primers	that	flank	all	three	TNT1‐insertion	sites,	




















vesicles	 than	 the	 wild	 type	 at	 3	 wpi	 (Figure	 5.14	 B).	 At	 7.5	 wpi,	 the	 reduction	 in	
mycorrhizal	 colonization	disappeared,	 and	 the	 levels	 of	mycorrhization	 in	 the	TNT1‐
insertion	lines	were	again	comparable	to	the	wild	type	(Figure	5.14	C).	The	mycorrhizal	
time	 course	 was	 repeated	with	 the	 two	 insertion	 lines	 NF20376	 and	 NF11484	with	
similar	results.	Ink	staining	of	the	fungal	infection	structures	further	revealed	that	fully	
developed	arbuscules	were	present	 in	 the	 three	mutant	 lines	at	 all	 three	 time	points	







the	 exocyst	 subunit	 EXO70I,	 the	 ABCG	 transporter	 STR,	 and	 the	 GRAS‐domain	
transcription	 factor	 RAD1,	 are	 dependent	 on	 RAM1	 for	 their	 induction	 during	
mycorrhization	 (Park	 et	 al.,	 2015).	 Thus,	 I	 investigated	whether	 the	 upregulation	 of	
these	 genes	 was	 also	 abolished	 in	 ram1‐1	 roots	 in	 the	 mycorrhizal	 time	 course	
performed	here.		
Consistent	with	previous	findings,	the	expression	of	EXO70I	was	significantly	induced	in	
colonized	 wild‐type	 roots	 at	 all	 three	 time	 points	 tested,	 while	 no	 induction	 was	











no	 significant	 transcriptional	 upregulation	 of	 STR	 and	 STR2	 was	 observed	 in	
mycorrhized	ram1‐1	roots	at	27	dpi,	their	expression	levels	were	significantly	induced	
in	the	mutant	at	8	dpi	and	13	dpi,	with	fold	changes	that	were	comparable	to	the	ones	
observed	 in	 the	 wild	 type.	 Similarly,	 RAD1	 was	 still	 significantly	 induced	 in	 ram1‐1	
during	mycorrhization,	even	though	fold	changes	were	slightly	lower	than	in	the	wild	
type	(Table	5.2).	These	results	suggest	that,	at	 least	at	early	time	points,	RAM1	 is	not	










    Fold change in the wild type    Fold change in ram1‐1 
Mtv4.0 ID  Annotation  8 dpi  13 dpi  27 dpi    8 dpi  13 dpi  27 dpi 
Medtr1g017910  exocyst subunit exo70 family protein, EXO70I  2.0  13  18    n.s.  n.s.  n.s. 
Medtr2g096230  exocyst subunit exo70 family protein  n.s.  2.6  n.s.    n.s.  n.s.  n.s. 
Medtr4g062330  exocyst subunit exo70 family protein  n.s.  n.s.  1.7    n.s.  n.s.  n.s. 
Medtr8g107450  white‐brown‐complex ABC transporter family protein STR  3.2  33.3  70.3    3.2  4.7  n.s. 
Medtr5g030910  white‐brown‐complex ABC transporter family protein STR2  7.2  204  364    5.6  14.9  n.s. 







5.2.5  RAM1  activates  gene  expression  in  an  unspecific  manner  when 
overexpressed in N. benthamiana leaves 
Global	 gene	 expression	 profiling	 has	 identified	 a	 large	 number	 of	 genes	 whose	








sequence	of	RAM2,	 the	only	 confirmed	direct	 target	of	RAM1	 to	date	 (Gobbato	et	 al.,	
2012).	As	expected,	the	expression	of	RAM1	together	with	LUC	under	the	control	of	the	
RAM2	promoter	resulted	in	a	strong	induction	of	LUC	activity	in	transformed	leaf	tissues	
(Figure	 5.16).	 Similarly,	 RAM1	 was	 able	 to	 activate	 the	 expression	 of	 LUC	 from	 the	
promoter	sequences	of	 the	mycorrhizal‐induced	genes	MNR	 (MYCORRHIZAL	NITRATE	
REDUCTASE)	and	ENOD11	 (Weidmann	et	al.,2004;	 Journet	et	al.,	2001).	As	a	negative	
control,	 I	 next	 tested	 whether	 RAM1	 induces	 the	 expression	 of	 NIN,	 a	 gene	 that	 is	
specifically	 upregulated	 during	 nodulation	 (Schauser	 et	 al.,	 1999),	 but	 has	 not	 been	





the	meristem	marker	WUS	 (WUSCHEL;	Osipova	et	al.,	2012)	and	 the	A.	 thaliana	 gene	
PLT1	 (PLETHORA1;	 Aida	 et	 al.,	 2004).	 Finally,	 the	 alcohol‐inducible	 promoter	 alcA	
(Kinkema	et	al.,	2014)	and	six	copies	of	the	lac	operon	(Samalova	et	al.,	2005)	were	fused	




that	 the	 majority	 of	 the	 tested	 promoters	 are	 not	 expected	 to	 be	 transcriptionally	


















MNR	 in	M.	truncatula	 roots	(Figure	5.17	A).	To	test	whether	 the	hemagglutinin	(HA)‐
tagged	RAM1	protein	used	 for	 the	 transactivation	assay	 is	 functional	 in	M.	truncatula	
roots	during	AM	symbiosis,	ram1‐1	roots	transformed	with	the	same	expression	vectors	











5.2.6  Ectopic  overexpression  of  RAM1  in M.  truncatula  roots  is  sufficient  to 
activate  the  expression  of  genes  involved  in  nutrient  exchange  in  the 
absence of mycorrhizal fungi 
As	 performing	 the	 transactivation	 assay	 in	M.	 truncatula	 roots	 is	 considerably	more	






to	 identify	 genes	 that	might	 be	 directly	 regulated	 by	 RAM1.	 To	 this	 end,	RAM1	 was	
overexpressed	to	high	levels	in	M.	truncatula	roots	and	the	expression	of	potential	direct	
target	 genes	 in	 the	 absence	 of	 mycorrhizal	 fungi	 was	 measured	 by	 qRT‐PCR.	 The	
transcript	levels	of	the	mycorrhizal‐induced	genes	RAM2,	FatM,	MtABCG3,	MtWRI2,	and	
PT4	were	significantly	induced	in	roots	overexpressing	RAM1	compared	to	control	roots	
overexpressing	GFP	 (Figure	5.18).	By	contrast,	 the	expression	 levels	of	MtWRI1	were	
slightly	lower	in	RAM1‐overexpressing	roots	compared	to	control	roots.	These	results	
suggest	 that	 the	 overexpression	 of	 RAM1	 is	 sufficient	 to	 induce	 the	 transcription	 of	









GFP‐RAM1	 was	 expressed	 under	 the	 native	 RAM1	 promoter	 in	 ram1‐1	 roots	 by	
transformation	 with	 A.	 rhizogenes	 and	 composite	 plants	 were	 inoculated	 with	
mycorrhizal	 fungi.	 As	 a	 negative	 control,	 ram1‐1	 roots	 expressing	 GFP	 alone	 were	
inoculated.	 Fungal	 infection	 structures	 were	 quantified	 at	 4	 wpi,	 revealing	 that	 a	
significantly	higher	number	of	hyphopodia,	 intraradical	hyphae,	and	arbuscules	were	
present	in	ram1‐1	roots	expressing	GFP‐RAM1	when	compared	to	the	negative	control.	
Furthermore,	 WGA	 staining	 of	 mycorrhized	 roots	 confirmed	 that	 ram1‐1	 roots	
expressing	 GFP‐RAM1	 were	 able	 to	 form	 fully	 developed	 arbuscules.	 These	 results	
demonstrate	that	the	GFP‐fusion	protein	is	functional	during	AM	symbiosis.	Thus,	the	













in‐depth	 functional	 analysis	 of	 the	 genes	 that	 were	 found	 to	 be	 induced	 during	 AM	




Based	 on	 gene	 expression	 analyses	 of	 ram1	 mutants	 at	 late	 time	 points	 during	
mycorrhization	and	ectopic	overexpression	of	RAM1	 in	M.	truncatula	roots,	RAM1	has	
previously	been	proposed	to	control	several	genes	involved	in	arbuscule	development,	
including	 EXO70I,	 STR,	 and	 RAD1	 (Park	 et	 al.,	 2015;	 Rich	 et	 al.,	 2015).	 The	 gene	
expression	 profiling	 performed	 here	 has	 revealed	 that	 while	 the	 transcriptional	
induction	of	all	these	genes	was	abolished	or	strongly	reduced	at	27	dpi	in	ram1‐1,	the	
upregulation	of	STR,	STR2,	and	RAD1	at	8	dpi	and	13	dpi	was	comparable	to	the	wild	type	
or	 only	 slightly	 impaired.	 These	 findings	 suggest	 that	 RAM1	 is	 not	 essential	 for	 the	
transcriptional	 induction	 of	 STR/STR2	 and	 RAD1	 at	 early	 time	 points	 during	 fungal	











arbuscules	 (Zhang	 et	 al.,	 2015).	 This	 lack	 of	 induction	 of	 EXO70I	 in	 ram1‐1	 is	 in	
accordance	 with	 the	 arrest	 in	 arbuscule	 development	 observed	 in	 colonized	 ram1‐1	
roots.	In	addition	to	EXO70I,	two	other	putative	subunits	of	the	exocyst	complex	were	








cells,	 and	 it	 has	 been	 proposed	 that	 a	 number	 of	 exocyst	 subunits	 are	 involved	 in	
arbuscule	development	(Zhang	et	al.,	2015).	Together,	these	findings	suggest	that	RAM1	
is	 involved	 in	 the	 transcriptional	 regulation	 of	 several	 components	 of	 the	 exocyst	
complex,	which	provides	a	secretory	function	during	the	formation	of	the	periarbuscular	
membrane.		
One	 of	 the	main	 benefits	 of	 the	 AM	 symbiosis	 for	 plants	 is	 the	 drastically	 improved	
acquisition	 of	 water	 and	 mineral	 nutrients	 from	 the	 soil.	 In	 particular,	 the	 fungus	






in	 the	mutant	 roots	 at	 all	 three	 time	 points	 tested	 (Chapter	 2),	 and	 the	 lack	 of	PT4	
induction	could	simply	be	caused	by	the	absence	of	fully	developed	arbuscules	in	ram1‐






Binding	 studies	 such	as	ChIP	assays	or	electrophoretic	mobility	 shift	 assays	 (EMSAs)	





3	 localises	 to	 the	 periarbuscular	 membrane	 and	 is	 required	 for	 the	 suppression	 of	
premature	arbuscule	degeneration	in	pt4	under	nitrogen‐starved	conditions	(Breuillin‐
Sessoms	et	al.,	2015).	As	AMT2‐3	does	not	seem	to	be	able	to	transport	ammonium	in	
yeast,	 it	 has	 been	hypothesised	 that	 this	member	 of	 the	AMT	 family	 has	 a	 signalling	
function	rather	than	mediating	the	uptake	of	ammonium	into	plant	cells.	It	is	currently	
unclear	 whether	 AMT2‐4	 and	 AMT2‐5	 are	 involved	 in	 the	 symbiotic	 import	 of	
ammonium	across	the	periarbuscular	membrane.	AMT2‐4	is	able	to	complement	a	yeast	








colonization	 suggests	 that	 the	 mycorrhizal‐induced	 AMT2	 family	 members	 are	
differentially	regulated	during	symbiosis	and	might	hint	at	distinct	 functions	of	 these	
transporters	during	mycorrhization.	
In	 exchange	 for	 receiving	 water	 and	 mineral	 nutrients,	 plants	 provide	 the	 obligate	
biotrophic	 fungus	with	 considerable	 amounts	 of	 fixed	 carbon	 (Ho	and	Trappe,	 1973;	




to	 be	 the	 only	 carbon	 source	 for	 the	 fungus.	 Based	 on	 labelling	 studies,	 it	 has	 been	
proposed	 that	 intraradical	 fungal	 hyphae	 convert	 the	 plant‐derived	 sugars	 into	
triacylglycerols	for	the	export	to	extraradical	hyphae	(Trepanier	et	al.,	2005),	as	lipids	






from	 the	 plant	 to	 the	 fungus	 (Peter	 Eastmond	 and	 Ertao	 Wang,	 personal	
communication).	 RAM2	 has	 previously	 been	 proposed	 to	 be	 involved	 in	 cutin	






ram2	 roots,	 indicating	 that	RAM2	 is	a	 critical	 component	of	 the	 lipid	export	pathway	
(Peter	Eastmond	and	Ertao	Wang,	personal	communication).	Based	on	promoter	binding	
studies	 and	 expression	 analyses,	 it	 has	 previously	 been	 demonstrated	 that	 the	
expression	of	RAM2	is	directly	regulated	by	RAM1	(Gobbato	et	al.,	2012).	In	accordance	












they	 are	 co‐expressed	with	RAM2	 in	 arbuscule‐containing	 cells,	 suggesting	 that	 they	
might	be	involved	in	the	same	lipid	export	pathway	as	RAM2.	
The	 role	 of	 the	WRI	 transcription	 factors	 in	A.	 thaliana	 has	 been	well	 characterised	
(Marchive	et	al.,	2014).	In	seeds	and	floral	tissues,	these	transcription	factors	regulate	
the	expression	of	late	glycolysis	and	early	fatty	acid	biosynthesis	genes	to	support	the	
production	of	 triacylglycerols	and	cutin	 (Baud	et	al.,	 2009;	To	et	 al.,	 2012).	Although	
AtWRI1,	 AtWRI3,	 and	 AtWRI4	 are	 differentially	 expressed	 in	 the	 plant,	 the	 three	
transcription	 factors	 were	 found	 to	 be	 functionally	 redundant,	 as	 both	 AtWRI3	 and	
AtWRI4	are	able	to	complement	the	Atwri1	mutant	seed	phenotype	(To	et	al.,	2012).	The	
close	 phylogenetic	 relationship	 of	 these	 transcription	 factors	 with	 the	 mycorrhizal‐
induced	AP2‐domain	proteins	in	M.	truncatula	suggests	that	the	M.	truncatula	homologs	
might	have	a	similar	function	in	regulating	the	de	novo	production	of	acyl‐chains,	which	
could	 serve	 as	 precursors	 for	 lipids	 that	 are	 exported	 to	 mycorrhizal	 fungi.	 This	
hypothesis	is	further	supported	by	the	observation	that	similar	to	MtWRI1,	MtWRI2,	and	
MtWRI3,	many	homologs	of	 the	known	AtWRI	 target	genes,	 including	genes	encoding	
pyruvate	kinase	and	acetyl‐CoA	carboxylase	subunits,	were	found	in	the	group	of	RAM1‐
dependent	 genes.	 However,	 further	 evidence	 is	 required	 to	 confirm	 that	 the	 WRI	
transcription	factors	in	M.	truncatula	are	involved	in	the	upregulation	of	de	novo	fatty	
acid	 biosynthesis	 as	 part	 of	 the	 lipid	 export	 pathway.	 Complementation	 assays	 of	A.	
thaliana	wri	mutants	with	 the	M.	 truncatula	 homologs	would	 clarify	whether	 the	M.	
truncatula	WRI	transcription	factors	have	the	same	function	in	lipid	production	as	their	
homologs	in	A.	thaliana.	Interestingly,	RNA	silencing	of	MtWRI2	(also	called	MtERF1)	has	




were	 silenced	 in	 these	 roots.	 Several	 TNT1	 insertion	 lines	 are	 available	 that	 carry	
mutations	 in	 the	 mycorrhizal‐induced	 WRI	 genes,	 and	 a	 detailed	 analysis	 of	 the	






of	 only	 three	 of	 the	 five	WRI	 genes	 that	 were	 induced	 during	 fungal	 colonization.	
Promoter‐GUS	 studies	 showed	 that	 the	 RAM1‐independent	MtWRI4	 is	 expressed	 in	
arbuscule‐containing	 cells,	 similar	 to	 the	 three	RAM1‐dependent	WRI	homologs.	 It	 is	
possible	 that	 all	 five	 WRI	 homologs	 are	 involved	 in	 providing	 precursors	 for	 the	
production	of	lipids	delivered	to	the	fungus.	Alternatively,	some	of	these	homologs	might	
be	 required	 for	 the	 production	 of	 other	 complex	 fatty	 acids	 with	 a	 function	 in	 AM	
development.	




and	 Ohlrogge,	 2002;	 Bonaventure	 et	 al.,	 2003).	 The	 biochemical	 characterisation	 of	
RAM2	has	shown	that	the	encoded	enzyme	preferentially	uses	palmitoyl‐CoenzymeA	to	
produce	2‐monopalmitin	 (Peter	Eastmond,	personal	 communication),	 a	 lipid	 that	has	
been	found	to	accumulate	in	mycorrhized	roots	(Schliemann	et	al.,	2008).	Thus,	FatM	is	
an	ideal	candidate	to	provide	the	substrate	for	RAM2	in	the	lipid	export	pathway.	In	line	










2011).	Plants	carrying	mutations	 in	 these	 transporters	show	a	 reduced	deposition	of	
surface	lipids,	however,	the	exact	identity	of	the	substrates	that	are	transported	across	
















ram2	 and	 fatm,	which	 show	 low	 levels	of	 colonization	and	 are	not	 able	 to	 form	 fully	








only	 possess	 one	 transmembrane	 and	 one	 ATPase	 domain,	 while	 full‐size	 ABC	




























that	 RAM1	 regulates	 a	 number	 of	 genes	with	 a	 putative	 function	 in	 the	 lipid	 export	




















































indicate	 the	 homologs	 that	 are	 significantly	 upregulated	 during	 mycorrhization	 in	 a	 RAM1‐
dependent	manner.	Genes	in	light	green	indicate	the	homologs	that	are	significantly	upregulated	
during	mycorrhization	 in	 a	RAM1‐independent	manner.	 The	 three	A.	 thaliana	 genes	AtWRI1,	
















A.	 thaliana,	M.	 truncatula,	O.	 sativa,	 and	M.	paleacea	with	bootstrap	values	 for	 each	branch	 is	
shown.	The	alignment	and	the	tree	were	made	using	Geneious	6.06.	Genes	in	blue	indicate	the	M.	
truncatula	 homologs	 that	 are	 significantly	 upregulated	 during	 mycorrhization	 in	 a	 RAM1‐




























roots.	 Bright	 field	 (A,	C,	E)	 and	 the	 corresponding	 green	 fluorescence	 (B,	D,	F)	 images	 of	M.	
truncatula	hairy	roots	expressing	the	β‐glucuronidase	(GUS)	gene	under	the	control	of	the	RAM2	
promoter	 are	 shown.	 Roots	 were	 grown	 in	 the	 presence	 (A,	B,	 C,	D)	 and	 absence	 (E,	 F)	 of	
mycorrhizal	 fungi.	RAM2	 promoter	 activity	was	 visualised	 by	GUS	 staining.	 Fungal	 structures	



































roots.	 Bright	 field	 (A,	C,	E)	 and	 the	 corresponding	 green	 fluorescence	 (B,	D,	F)	 images	 of	M.	
truncatula	hairy	roots	expressing	the	β‐glucuronidase	(GUS)	gene	under	the	control	of	the	FatM	

















roots.	 Bright	 field	 (A,	C,	E)	 and	 the	 corresponding	 green	 fluorescence	 (B,	D,	F)	 images	 of	M.	
truncatula	 hairy	 roots	 expressing	 the	 β‐glucuronidase	 (GUS)	 gene	 under	 the	 control	 of	 the	
MtWRI1	promoter	are	shown.	Roots	were	grown	in	the	presence	(A,	B,	C,	D)	and	absence	(E,	F)	
of	mycorrhizal	fungi.	MtWRI1	promoter	activity	was	visualised	by	GUS	staining.	Fungal	structures	















roots.	 Bright	 field	 (A,	C,	E)	 and	 the	 corresponding	 green	 fluorescence	 (B,	D,	F)	 images	 of	M.	
truncatula	 hairy	 roots	 expressing	 the	 β‐glucuronidase	 (GUS)	 gene	 under	 the	 control	 of	 the	
MtWRI2	promoter	are	shown.	Roots	were	grown	in	the	presence	(A,	B,	C,	D)	and	absence	(E,	F)	
of	mycorrhizal	fungi.	MtWRI2	promoter	activity	was	visualised	by	GUS	staining.	Fungal	structures	




















































































Figure	 5.14:	 Quantification	 of	 mycorrhizal	 infection	 structures	 in	 wild‐type	 (wt)	 roots	 and	
Mtabcg3	 mutant	 roots.	 The	 occurrence	 of	 hyphopodia,	 intraradical	 hyphae	 (int.	 hyphae),	
arbuscules,	and	vesicles	in	ink‐stained	root	pieces	of	the	wild	type	and	the	TNT1‐insertion	lines	
NF20376,	NF11484,	NF1558	is	shown	as	percentage	of	the	total	number	of	root	pieces	examined.	
Fungal	 infection	 structures	 were	 quantified	 at	 2	 wpi	 (A),	 3	 wpi	 (B),	 and	 7.5	 wpi	 (C).	 Bars	
































(as	 indicated)	by	RAM1	 is	 shown.	LUC	activities	were	normalised	against	 the	β‐glucuronidase	
(GUS)	activities	quantified	in	the	same	leaf	discs.	The	same	expression	vectors	containing	all	the	
components	 except	 for	 the	 gene	 encoding	 RAM1	 served	 as	 negative	 controls.	 Bars	 represent	




















promoter	was	measured	 in	a	 transactivation	assay	 in	M.	 truncatula	hairy	roots.	LUC	activities	
were	 normalised	 against	 the	 β‐glucuronidase	 (GUS)	 activities	 quantified	 in	 the	 same	 root	
samples.	The	same	expression	vector	containing	all	the	components	except	for	the	gene	encoding	
RAM1	served	as	negative	 control.	Bars	 represent	means	of	3	biological	 replicates	±	 SEM.	N.s.	
depicts	a	non‐significant	difference,	Student’s	t‐test.	(B)	Quantification	of	mycorrhizal	structures	
in	wild‐type	 (wt)	 roots	 and	 ram1‐1	 roots	 transformed	with	 the	 same	 vectors	 as	 used	 for	 the	
transactivation	assay	described	in	(A).	The	occurrence	of	hyphopodia,	intraradical	hyphae	(int.	
hyphae),	arbuscules,	and	vesicles	in	ink‐stained	root	pieces	is	shown	as	percentage	of	the	total	








































overexpressing	 GFP	 (pUBI::GFP)	 or	 RAM1	 (pUBI::RAM1)	 in	 the	 absence	 of	mycorrhizal	 fungi.	
Expression	 levels	 of	 RAM1,	 MtWRI1,	 MtWRI2,	 RAM2,	 FatM,	 MtABCG3,	 and	 the	 phosphate	
transporter	PT4	 are	 shown.	 Expression	 levels	were	 normalized	 to	Ubiquitin	 expression.	 Bars	
represent	means	of	3	biological	replicates	(each	containing	5‐7	root	systems	from	individually	
























































this	 interaction	 appears	 to	 be	 crucial	 for	 gene	 regulation	 and	 the	 successful	




2003).	 Based	 on	 these	 observations,	 it	 has	 been	 proposed	 that	 NSP1	 and	 NSP2	 act	
together	 to	 regulate	 the	 same	 genes	 during	 the	 root‐nodule	 symbiosis	 (Hirsch	 et	 al.,	












findings	 raise	 the	 question	whether	NSP1,	NSP2	 and	RAM1	have	 similar	 or	 different	
functions	in	the	regulation	of	gene	expression	during	the	establishment	of	AM	symbiosis.	
The	 phenotypic	 and	 transcriptional	 analyses	 of	 the	 corresponding	 loss‐of‐function	














time,	 only	 a	 few	 genes	 were	 found	 to	 be	 consistently	 dependent	 on	NSP1	 for	 their	
induction	during	mycorrhization,	 indicating	 that	NSP1	 plays	 only	 a	minor	 role	 in	 the	






















et	al.,	2015),	however,	 the	role	of	 these	plant	hormones	at	 the	pre‐symbiotic	stage	of	




transcriptional	 analyses	 of	 nsp1‐1	 suggest	 that	 NSP1	 plays	 a	 major	 role	 in	 the	
transcriptional	 regulation	 of	 roots	 under	 non‐symbiotic	 conditions	 or	 at	 the	 pre‐
symbiotic	stage	of	the	AM	symbiosis,	while	it	appears	to	be	less	important	for	the	control	
of	gene	expression	once	the	fungus	has	entered	the	root.		
Unlike	 nsp1‐1,	 nsp2‐2	 roots	 did	 not	 show	 any	 significant	 quantitative	 or	 qualitative	
differences	in	fungal	colonization	under	the	conditions	tested	here	(Chapter	2).	These	
findings	 are	 somewhat	 surprising,	 as	 it	 had	 previously	 been	 shown	 that	 fungal	
colonization	is	reduced	in	nsp2	mutants	(Maillet	et	al.,	2011;	Lauressergues	et	al.,	2012).	
It	is	likely	that	the	mycorrhizal	phenotype	of	nsp2	depends	on	the	nutrient	conditions	or	
the	 strength	 of	 the	 fungal	 inoculum,	 as	 has	 previously	 been	 described	 for	 the	 nsp1	
mutant	 phenotype	 (Delaux	 et	 al.,	 2013).	 The	 differences	 in	 the	 severity	 of	 the	
mycorrhizal	phenotypes	of	nsp1‐1	and	nsp2‐2	observed	here	show	that	NSP1	and	NSP2	
are	unlikely	to	fulfil	identical	roles	in	the	transcriptional	reprogramming	of	roots	during	
AM	 symbiosis.	 Interestingly,	 although	 no	 significant	 reduction	 in	 mycorrhizal	
colonization	was	observed	in	nsp2‐2	roots,	global	gene	expression	profiling	identified	a	
number	of	genes	whose	 induction	was	dependent	on	NSP2	 at	 late	 time	points	during	
mycorrhization,	suggesting	that	NSP2	might	have	a	role	at	later	stages	of	the	symbiosis.	
However,	no	obvious	functions	of	these	potential	target	genes	in	AM	development	were	









expression	 of	 D27	 in	 a	 transactivation	 assay	 in	 N.	 benthamiana	 leaves,	 while	 the	
individual	transcription	factors	were	significantly	less	active	(Chapter	4).	However,	the	
results	 of	 the	 phenotypic	 analyses	 and	 the	 global	 gene	 expression	 profiling	 strongly	
indicate	 that	 there	 is	 some	 level	 of	 redundancy	 for	 the	 function	 of	 NSP2	 in	 AM	
development,	 at	 least	 under	 the	 conditions	 tested	 here,	 and	 that	 other	 transcription	
factors	 might	 be	 able	 to	 interact	 with	 NSP1	 to	 regulate	 gene	 expression	 during	
mycorrhization.	This	situation	is	different	from	the	regulation	of	gene	expression	by	the	
















development	 (Parniske,	 2008;	 Oldroyd,	 2013).	 Thus,	 it	 is	 conceivable	 that	NSP1	 and	
NSP2	regulate	similar	processes	during	both	the	root‐nodule	and	the	AM	symbiosis.	In	
accordance	 with	 this,	 research	 in	 recent	 years	 has	 uncovered	 an	 important	 role	 of	
strigolactones	 not	 only	 during	 mycorrhization,	 but	 also	 during	 nodulation.	 In	 M.	
truncatula,	 the	 external	 application	 of	 strigolactones	 was	 found	 to	 promote	 nodule	






mutants	 deficient	 in	 strigolactones	 display	 a	 reduced	 number	 of	 nodules	 (Foo	 et	 al.,	




co‐expressed	 in	 nodule	 primordia	 and	 mature	 nodules	 (van	 Zeijl	 et	 al.,	 2015).	
Interestingly,	D27	was	further	found	to	be	induced	in	response	to	Nod	factors,	and	this	
induction	 appears	 to	 be	 at	 least	 partly	 under	 the	 control	 of	 NSP1	 and	 NSP2.	 These	
findings	provide	further	insights	into	the	role	of	NSP1	and	NSP2	during	nodulation	and	





symbiosis,	 as	 both	 insufficient	 and	 excessive	 gibberellin	 levels	 inhibit	 nodulation	
(Ferguson	et	al.,	2005;	Maekawa	et	al.,	2009;	Hayashi	et	al.,	2014).	In	addition,	several	
gibberellin	biosynthesis	genes	were	found	to	be	upregulated	in	root	hairs	in	response	to	
rhizobia	 and	 Nod	 factors,	 suggesting	 that	 gibberellins	 might	 have	 a	 function	 in	 the	
rhizobial	 infection	 process	 (Breakspear	 et	 al.,	 2014).	 The	 global	 gene	 expression	
profiling	 performed	 here	 revealed	 a	 possible	 role	 for	NSP1	 in	 regulating	 gibberellin	
levels	through	the	control	of	gibberellin	biosynthesis	genes	under	non‐	or	pre‐symbiotic	
conditions	 (Chapter	 4).	 It	 would	 be	 interesting	 to	 test	 whether	 NSP1	 has	 a	 similar	
function	in	the	regulation	of	gibberellin	biosynthesis	during	rhizobial	infection	or	nodule	
formation.	 Promoter‐GUS	 studies	 in	 the	 wild	 type	 and	 nsp1	 mutant	 might	 provide	
further	insights	into	the	expression	pattern	of	gibberellin	biosynthesis	genes	during	the	
establishment	 of	 the	 root‐nodule	 symbiosis,	 and	 would	 help	 clarify	 whether	 the	
expression	of	these	genes	requires	NSP1.	
The	 severity	 of	 the	 nsp1	 and	 nsp2	 phenotype	 in	 nodulation	 suggests	 that	 these	 two	
transcription	factors	have	an	essential	role	in	the	regulation	of	gene	expression	during	
the	root‐nodule	symbiosis,	while	they	appear	to	have	less	critical	functions	during	AM	
symbiosis,	 as	 the	 mycorrhizal	 phenotypes	 of	 the	 mutants	 are	 much	 weaker.	 It	 is	
therefore	likely	that	NSP1	and	NSP2	have	acquired	additional	 functions	in	 legumes	to	






involved	 in	 mycorrhization	 (Schauser	 et	 al.,	 1999;	 Hirsch	 et	 al.,	 2009).	 Global	 gene	






regulated	 during	 the	 establishment	 of	 the	 root‐nodule	 symbiosis	 to	 achieve	 the	
rhizobial‐specific	transcriptional	reprogramming	required	for	nodule	formation.		
Transcriptional	 profiling	 revealed	 that	 a	 large	 number	 of	 genes	 were	 differentially	
regulated	in	M.	truncatula	nsp1‐1	and	nsp2‐2	under	non‐symbiotic	conditions	(Chapter	
3).	While	some	of	these	genes	are	likely	to	be	involved	in	the	pre‐contact	stage	of	AM	
symbiosis,	 others	 might	 function	 in	 processes	 unrelated	 to	 symbiosis.	 Interestingly,	
homologs	of	NSP1	and	NSP2	were	found	in	plant	species	that	do	not	enter	a	symbiosis	
with	 mycorrhizal	 fungi	 or	 rhizobia,	 including	 A.	 thaliana	 (Delaux	 et	 al.,	 2013).	 The	
function	of	these	two	transcription	factors	in	non‐host	species	is	currently	unknown.	It	
is	possible	that	NSP1	and	NSP2	have	a	more	general	role	in	controlling	the	biosynthesis	



















non‐symbiotic	 conditions	 (Chapter	 2).	 Interestingly,	 RAM1	 was	 shown	 to	 be	
evolutionarily	 conserved	 only	 in	 species	 that	 are	 able	 to	 enter	 a	 symbiosis	 with	








ram1‐1	 appeared	 to	be	unable	 to	 form	 fully	developed	 arbuscules	 at	 any	of	 the	 time	
points	 tested,	 indicating	 that	 RAM1	 is	 required	 for	 normal	 arbuscule	 development.	
Consistent	 with	 the	 severe	 mycorrhizal	 phenotype,	 global	 gene	 expression	 profiling	
revealed	that	the	transcriptional	upregulation	of	a	large	number	of	mycorrhizal	genes	
was	abolished	in	ram1‐1	roots	(Chapter	5).	Among	these	RAM1‐dependent	genes	were	
the	 phosphate	 transporter	 PT4	 and	 the	 two	 ammonium	 transporter	 family	 proteins	








Peter	 Eastmond	 and	 Ertao	Wang,	 personal	 communication).	 Promoter‐GUS	 analyses	
showed	that	many	of	these	RAM1‐dependent	lipid‐related	genes	are	co‐expressed	with	
RAM2	 in	 arbuscule‐containing	 cells,	 suggesting	 that	 they	might	 act	 in	 the	 same	 lipid‐
export	 pathway.	 The	 ectopic	 overexpression	 of	 RAM1	 in	 M.	 truncatula	 roots	 was	
sufficient	 to	 induce	 the	 expression	 of	 several	 of	 the	 lipid‐related	 genes	 even	 in	 the	
absence	 of	 mycorrhizal	 fungi,	 providing	 further	 evidence	 that	 RAM1	 directly	 or	
indirectly	controls	this	putative	lipid‐export	pathway.		
Genome	 sequencing	 has	 so	 far	 only	 been	 completed	 for	 the	 mycorrhizal	 fungus	 R.	
irregularis	(Tisserant	et	al.,	2013),	for	which	no	genes	encoding	subunits	of	the	type	I	
















2013;	Bravo	 et	 al.,	 2016).	 If	 all	 of	 these	 genes	play	 a	 role	 in	 the	production	 of	 lipids	
exported	to	the	fungus,	this	would	suggest	that	lipid	transfer	to	the	fungus	could	be	a	
common	 feature	 of	 the	 AM	 symbiosis	 between	 many	 different	 plant	 and	 AM	 fungal	
species.	
Growing	 ram2	 mutants	 together	with	 nurse	 plants	 restores	 the	 arbuscular	 defect	 in	
ram2	roots,	confirming	that	RAM2	has	a	nutritional	role	in	AM	symbiosis,	rather	than	
being	 directly	 involved	 in	 arbuscule	 formation	 (Peter	 Eastmond	 and	 Ertao	 Wang,	
personal	 communication).	 A	 similar	 experiment	 with	 ram1‐1	 roots	 showed	 that	
although	the	extent	of	fungal	colonization	in	the	mutant	was	comparable	to	the	wild	type,	
arbuscule	development	was	not	rescued	by	the	presence	of	nurse	plants	(Chapter	2).	
These	 results	 suggest	 that	 RAM1	 must	 have	 additional	 roles	 during	 AM	 symbiosis.	
Consistent	with	this,	the	expression	of	the	exocyst	subunit	EXO70I,	a	gene	known	to	be	
required	for	the	development	of	the	PAM	surrounding	the	fine	branches	of	arbuscules	
(Zhang	 et	 al.,	 2015),	 was	 abolished	 in	 ram1‐1	 roots	 at	 all	 three	 time	 points	 during	
mycorrhization.	 Together,	 these	 findings	 indicate	 that	 RAM1	 directly	 or	 indirectly	















(Park	 et	 al.,	 2015).	 It	 is	 therefore	 currently	 unclear	whether	RAM1	 has	 a	 role	 in	 the	
regulation	 of	 hyphopodia	 formation	 at	 the	 epidermis	 of	 the	 root.	 Transcriptional	
profiling	 did	 not	 reveal	 any	 RAM1‐dependent	 genes	 that	 play	 an	 obvious	 role	 in	
hyphopodia	formation	other	than	RAM2	(Chapter	5).	It	is	possible	that	the	expression	of	
many	early	mycorrhizal	genes	was	 too	diluted	 in	whole	roots	 to	be	detected	by	gene	
expression	profiling	performed	here.	A	study	investigating	the	transcriptional	response	
to	Myc‐LCOs	found	that	RAM1	is	required	for	the	expression	of	the	majority	of	the	genes	
that	are	 induced	upon	recognition	of	 these	early	 signalling	molecules	 (Hohnjec	et	al.,	
2015).	These	results	suggest	that	RAM1	is	involved	in	regulating	gene	expression	during	








conditions	 or	 during	 mycorrhization	 (Chapter	 4	 and	 5).	 Similarly,	 RAM1	 was	 not	










The	 activity	 of	 GRAS‐domain	 proteins	 is	 under	 the	 control	 of	 several	 regulatory	














putative	 target	 genes	of	RAM1	 identified	here	 are	 also	abolished	 in	cyclops	 and	della	
mutants	 and	would	 further	 clarify	 whether	 the	 signalling	 through	 CYCLOPS	 and	 the	
















In	 the	 absence	 of	 symbiotic	 partners,	 the	 activity	 of	 NSP1	 and	 NSP2	 appears	 to	 be	
regulated	differently.	Unlike	during	mycorrhization	and	nodulation,	the	transcript	levels	
of	NSP1	and	NSP2	do	not	change	significantly	under	nutrient‐limiting	conditions	(Liu	et	
al.,	 2011).	 Yet,	 when	 phosphate	 levels	 are	 low,	 the	 expression	 of	 the	 strigolactone	
biosynthesis	gene	D27	 is	 induced	 in	an	NSP1‐	 and	partially	NSP2‐dependent	manner.	
Moreover,	 the	 induction	 of	 D27	 does	 not	 require	 components	 of	 the	 common	 Sym	











sufficient	 for	 the	 activation	 of	 gene	 expression.	 It	 has	 been	 hypothesised	 that	 in	 the	
absence	of	an	appropriate	signal,	a	repressor	system	might	act	in	M.	truncatula	roots	to	
inhibit	the	transcriptional	activity	or	NSP1	and	NSP2,	possibly	through	the	inhibition	of	
complex	 formation,	and	 this	repressor	system	is	 likely	 to	be	absent	 in	 tobacco	 leaves	
(Cerri	et	al.,	2012).	Upon	the	perception	of	symbiotic	signals	or	a	change	in	the	nutrient	


































partners	 results	 in	 the	 induction	 of	 additional	 genes	 that	would	 not	 be	 observed	 by	
expressing	just	one	GRAS‐domain	protein.		
All	 the	interactions	between	the	GRAS‐domain	proteins	described	in	previous	studies	
were	 tested	 in	 heterologous	 systems	 such	 as	 N.	 benthamiana	 leaves	 or	 yeast.	 It	 is	
therefore	important	to	validate	these	findings	in	M.	truncatula	roots,	ideally	under	both	
symbiotic	 and	 non‐symbiotic	 conditions.	M.	 truncatula	 lines	 stably	 expressing	 GFP‐
tagged	 NSP1,	 NSP2,	 and	 RAM1	 provide	 a	 valuable	 resource	 to	 investigate	 complex	
formation	 of	 these	 proteins	 in	 relevant	 conditions	 by	 performing	 co‐
immunoprecipitation	 assays.	 These	 experiments	might	 also	 clarify	whether	 different	








of‐function	mutants.	The	results	of	 these	analyses	suggest	 that	all	 three	 transcription	
factors	 have	 largely	 different	 roles	 in	 the	 regulation	 of	 gene	 expression	 during	
mycorrhization.	 While	 NSP1	 is	 required	 for	 the	 expression	 of	 strigolactone	 and	
gibberellin	biosynthesis	genes	at	the	pre‐symbiotic	stages	of	the	symbiosis,	RAM1	plays	











direct	 target	 genes	of	 these	 transcription	 factors	 are	 largely	unknown.	The	approach	




by	 these	 transcription	 factors.	 Interaction	 studies	 further	 suggest	 that	 many	 GRAS‐
domain	proteins	act	as	multicomponent	complexes.	Future	investigations	will	shed	light	




















































































































0.150  g,  ferric  citrate  5  mg,  H3BO3  2.86  g,  MnSO4  2.03  g, 
ZnSO4(7H2O) 0.22 g, CuSO4(5H2O) 0.08 g, H2MoO4(4H2O) 0.08 g, 
NH4NO3 0.5 mM, Formedium agar 8 g, pH 6.0. 
Buffered nodulation medium (BNM)  MES  (2‐(N‐morpholino)  ethanesulfonic  acid)  buffer  390  mg, 



























the	 DNeasy	 Plant	 kit	 (Qiagen)	 according	 to	 the	 manufacturer’s	 instructions.	 For	
genotyping,	two	PCRs	were	set	up	with	primers	spanning	the	wild	type	gene	or	one	end	
of	the	TNT1	insertion	and	one	end	of	the	mutated	gene.	Primers	used	for	genotyping	are	






















All	 vectors	 used	 in	 this	 study	 were	 cloned	 using	 the	 Golden	 Gate	 cloning	 technique	
(Engler	et	al.,	2009;	Weber	et	al.,	2011).	To	design	level	0	modules,	DNA	sequences	for	


































obtain	 plasmid	 from	 transformed	E.	 coli,	 bacterial	 cells	 from	a	 single	 positive	 colony	
were	grown	in	10	ml	of	liquid	L	medium	(Table	7.2)	at	37°C	overnight	with	agitation	at	
220	 rpm.	 Plasmids	 were	 extracted	 using	 the	 QIAprep	 Spin	 Miniprep	 Kit	 (Qiagen)	






Number  Position 1  Position 2  Position 3  Position 4  Position 5  Position 6 













































































































































































































































































































Number  Position 1  Position 2  Position 3  Position 4  Position 5  Position 6 
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7.4.3  Transformation  of  A.  tumefaciens  and  A.  rhizogenes  for  plant 
transformation 
Electro‐competent	A.	 tumefaciens	 strains	GV3101	and	AGL1	 (for	 transformation	of	N.	
benthamiana	and	stable	transformation	of	M.	truncatula,	respectively)	and	A.	rhizogenes	
strain	AR1193	(for	hairy	root	transformation	of	M.	truncatula)	were	transformed	with	
Golden	 Gate	 level	 2	 vectors	 by	mixing	 100	 ng	 of	 the	 plasmid	 with	 20	 μl	 of	 electro‐
















were	 placed	 onto	 modFP	 plates	 (Table	 7.2),	 sealed	 with	 3M	Micropore	 tape	 (Miller	
Medical	Supplies)	and	placed	upright	in	a	controlled	environment	room	as	described	in	
Section	 7.1.	 Four	 weeks	 after	 transformation,	 plants	 were	 screened	 for	 transformed	
roots	using	a	DMR/MZFLIII	microscope	(Leica)	to	visualise	the	transformation	marker	








Stable	 transformation	 of	 M.	 truncatula	 was	 performed	 by	 Matthew	 Smoker	 (The	
Sainsbury	 Laboratory,	 Norwich).	 A.	 tumefaciens	 strain	 AGL1	 transformed	 with	 the	















a	 controlled	environment	 room	as	described	 in	Section	7.1.	 For	RNA‐sequencing	and	
phenotyping	of	A17,	nsp1‐1,	nsp2‐2	and	ram1‐1,	the	mycorrhizal	inoculum	Solrize	Pro	
(Agrauxine,	 France)	was	used,	which	 contains	 a	mixture	of	R.	 irregularis	 and	Glomus	
mosseae	spores	and	hyphae.	For	mycorrhizal	phenotyping	of	R108	and	TNT1‐insertion	
lines,	 the	 mycorrhizal	 inoculum	 P‐3201	 (Premier	 Tech,	 Canada)	 was	 used,	 which	















































To	 test	 whether	 GUS	 activity	 correlates	 with	 mycorrhizal	 infection	 structures,	 GUS‐







nitrogen	 using	 a	 mortar	 and	 pestle.	 For	 RNA	 sequencing	 and	 qRT‐PCR	 analysis	 of	
mycorrhized	 and	 non‐mycorrhized	 roots,	 4‐5	 root	 systems	 were	 pooled	 to	 obtain	 1	






RNA	 was	 eluted	 in	 30	 µl	 RNase‐free	 water.	 RNA	 concentration	 and	 quality	 were	
determined	using	a	NanoDrop	ND‐1000	Spectrophotometer	(NanoDrop	Technologies).	






kit	 (Bio‐Rad)	 according	 to	 the	 manufacturer’s	 instructions.	 Primers	 for	 qPCR	 were	


































































To	 quantify	 global	 gene	 expression,	 RNA	 sequencing	 was	 performed	 by	 IMGM	
Laboratories	(Martinsried,	Germany).	In	brief,	RNA	sequencing	libraries	were	prepared	
with	 the	 Illumina	 TruSeq®	 Stranded	 mRNA	 HT	 technology,	 an	 approach	 that	 uses	
fragmentation	of	the	RNA,	a	poly‐T	oligo	pulldown	and	sequencing	adapter	ligation.	RNA	
sequencing	 was	 performed	 on	 the	 Illumina	 NextSeq500	 next	 generation	 sequencing	
system	and	the	high	output	mode	with	1	x	75	bp	single‐end	read	chemistry.	The	resulting	
reads	were	 quality	 controlled	 and	mapped	 against	 the	most	 recent	 version	of	 the	M.	







To	 identify	DNA‐binding	sites	of	NSP1,	ChIP	was	performed	according	 to	 the	method	




















ml	 lysis	 buffer	M1	 (10	mM	 sodium	 phosphate	 pH	 7,	 0.1	 M	 NaCl,	 1	M	 2‐methyl	 2,4‐
pentanediol,	10	mM	ß‐mercaptoethanol,	EDTA‐free	protease	inhibitor	cocktail	(Roche))	


































































































proteins	 from	 transformed	M.	 truncatula	 roots,	 frozen	 tissue	 was	 ground	 in	 liquid	
nitrogen	using	a	mortar	and	pestle.	Immediately	after	grinding,	150	µl	of	1x	Luciferase	










20	 µl	 of	 the	 reaction	 mix	 to	 180	 µl	 200	 mM	 Na2CO3.	 The	 fluorescence	 of	 4‐






luciferase	 assay	 reagent	 (Promega)	 in	 a	white	 96‐well	microtitre	 plate	 (Greiner	 Bio‐
One).	Luminescence	was	measured	on	a	Varioskan	microplate	reader	(Thermo	Fisher	
Scientific)	 with	 5	 s	 integration	 time.	 The	 LUC	 activity	 assessed	 in	 a	 sample	 was	











thaliana,	O.	 sativa,	 and	M.	 paleacea.	 With	 the	 exception	 of	M.	 paleacea,	 the	 putative	
homologs	of	MtABCG3	and	MtWRI1	were	extracted	from	the	Phytozome	database	using	
BLASTP	with	the	corresponding	full‐length	protein	sequence	as	query.	Sequences	from	




























Akiyama	K,	Hayashi	H	 (2006)	Strigolactones:	Chemical	 signals	 for	 fungal	 symbionts	
and	parasitic	weeds	in	plant	roots.	Handb	Environ	Chem	97:	925–931	
Akiyama	 K,	 Matsuzaki	 K,	 Hayashi	 H	 (2005)	 Plant	 sesquiterpenes	 induce	 hyphal	
branching	in	arbuscular	mycorrhizal	fungi.	Nature	435:	824–7	




Alder	 A,	 Jamil	 M,	 Marzorati	 M,	 Bruno	 M,	 Vermathen	 M,	 Bigler	 P,	 Ghisla	 S,	
Bouwmeester	 H,	 Beyer	 P,	 Al‐babili	 S	 (2012)	 The	 Path	 from	 b‐Carotene	 to	
Carlactone,	a	Strigolactone‐Like	Plant	Hormone.	Science	335:	1348–1351	
Alexander	T,	Toth	R,	Meier	R,	Weber	HC	(1989)	Dynamics	of	arbuscule	development	
and	 degeneration	 in	 onion,	 bean,	 and	 tomato	 with	 reference	 to	 vesicular–
arbuscular	mycorrhizae	in	grasses.	Can	J	Bot	67:	2505–2513	
Allen	 JW,	 Shachar‐Hill	Y	 (2009)	 Sulfur	 transfer	 through	 an	 arbuscular	mycorrhiza.	
Plant	Physiol	149:	549–560	
Ames	RN,	Reid	CPP,	Porter	LK,	Cambardella	C	(1983)	Hyphal	Uptake	and	Transport	
of	 Nitrogen	 from	 Two	 15N‐Labelled	 Sources	 by	 Glomus	 mosseae,	 a	 Vesicular‐
Arbuscular	Mycorrhizal	Fungus.	New	Phytol	95:	381–396	

















Niebel	 F,	 Journet	 E‐P,	 Ghérardi	 M,	 Huguet	 T,	 et	 al	 (2006)	 The	 Medicago	
truncatula	Lysine	Motif‐Receptor‐like	Kinase	Gene	Family	Includes	NFP	and	New	
Nodule‐Expressed	Genes.	Plant	Physiol	142:	265	






the	 symbiotic	 sucrose	 synthase	 MtSucS1	 affects	 arbuscule	 maturation	 and	








specifies	 the	 regulatory	 action	 of	 LEAFY	 COTYLEDON2	 towards	 fatty	 acid	
metabolism	during	seed	maturation	in	Arabidopsis.	Plant	J	50:	825–838	
Baud	S,	Wuillème	S,	To	A,	Rochat	C,	Lepiniec	L	 (2009)	Role	of	WRINKLED1	 in	 the	






Necessary	 Plant	 Signal	 Compounds	 in	 Arbuscular	 Mycorrhizal	 Symbioses.	 Mol	
Plant‐Microbe	Interact	8:	252	
Beilby	JP,	Kidby	DK	(1980)	Biochemistry	of	ungerminated	and	germinated	spores	of	













analog	 of	 strigolactones,	 stimulates	 the	 mitosis	 and	 growth	 of	 the	 arbuscular	






Samuels	 L	 (2007)	 Characterization	 of	 Arabidopsis	 ABCG11/WBC11,	 an	 ATP	




























M,	 Kretzschmar	 T,	 Bossolini	 E,	 et	 al	 (2010)	 Phosphate	 systemically	 inhibits	











Buendia	L,	Wang	T,	Girardin	A,	Lefebvre	B	 (2016)	 The	 LysM	 receptor‐like	 kinase	
SlLYK10	 regulates	 the	 arbuscular	mycorrhizal	 symbiosis	 in	 tomato.	 New	Phytol	
210:	184–195	
Campos‐Soriano	 L,	 García‐Martínez	 J,	 Segundo	 BS	 (2012)	 The	 arbuscular	
mycorrhizal	 symbiosis	 promotes	 the	 systemic	 induction	 of	 regulatory	 defence‐
related	genes	in	rice	leaves	and	confers	resistance	to	pathogen	infection.	Mol	Plant	
Pathol	13:	579–592	
Camps	 C,	 Jardinaud	 M‐F,	 Rengel	 D,	 Carrère	 S,	 Hervé	 C,	 Debellé	 F,	 Gamas	 P,	
Bensmihen	 S,	 Gough	 C	 (2015)	 Combined	 genetic	 and	 transcriptomic	 analysis	





Carbonnel	 S,	 Gutjahr	 C	 (2014)	 Control	 of	 arbuscular	 mycorrhiza	 development	 by	
nutrient	signals.	Front	Plant	Sci	5:	462	
Casieri	L,	Gallardo	K,	Wipf	D	(2012)	Transcriptional	response	of	Medicago	truncatula	














factors:	 regulatory	 interplay	 with	 NSP1/NSP2	 GRAS	 factors	 and	 expression	
dynamics	throughout	rhizobial	infection.	Plant	Physiol	160:	2155–72	
Chabaud	M,	 Genre	 A,	 Sieberer	 BJ,	 Faccio	 A,	 Fournier	 J,	 Novero	M,	 Barker	 DG,	




Lotus	 japonicus	CASTOR	and	POLLUX	are	 ion	channels	essential	 for	perinuclear	
calcium	spiking	in	legume	root	endosymbiosis.	Plant	Cell	20:	3467–79	
Charpentier	M,	Sun	J,	Martins	TV,	Radhakrishnan	G	V,	Findlay	K,	Soumpourou	E,	






kinase	 interacts	 with	 SymRK	 and	 regulates	 nodule	 organogenesis	 in	 Lotus	
japonicus.	Plant	Cell	24:	823–38	
Cook	 CE,	 Whichard	 LP,	 Turner	 B,	 Wall	 ME,	 Egley	 GH	 (1966)	 Germination	 of	
Witchweed	 (Striga	 lutea	 Lour.):	 Isolation	 and	 Properties	 of	 a	 Potent	 Stimulant.	
Science	154:	1189–90	
Cordier	C,	Pozo	MJ,	Barea	JM,	Gianinazzi	S	(1998)	Cell	Defense	Responses	Associated	
with	 Localized	 and	 Systemic	 Resistance	 to	 Phytophthora	 parasitica	 Induced	 in	











































Ferguson	 BJ,	 Ross	 JJ,	 Reid	 JB	 (2005)	 Nodulation	 phenotypes	 of	 gibberellin	 and	
brassinosteroid	mutants	of	pea.	Plant	Physiol	138:	2396–2405	




B,	 Strack	 D	 (2002)	 Stimulation	 of	 carotenoid	 metabolism	 in	 arbuscular	
mycorrhizal	roots.	Planta	216:	148–154	
Fiorilli	V,	Catoni	M,	Miozzi	L,	Novero	M,	Accotto	GP,	Lanfranco	L	(2009)	Global	and	






Fiorilli	 V,	 Lanfranco	 L,	 Bonfante	 P	 (2013)	 The	 expression	 of	 GintPT,	 the	
phosphate	transporter	of	Rhizophagus	irregularis,	depends	on	the	symbiotic	
status	and	phosphate	availability.	Planta	237:	1267–1277	













transcription	 profiles	 implicate	 periarbuscular	 membrane	 synthesis	 as	 an	
important	carbon	sink	in	the	mycorrhizal	symbiosis.	Plant	Signal	Behav	7:	461–464	













Genre	 A,	 Chabaud	 M,	 Timmers	 T,	 Bonfante	 P,	 Barker	 DG	 (2005)	 Arbuscular	








Gianinazzi‐Pearson	 V,	 Arnould	 C,	 Oufattole	 M,	 Arango	 M,	 Gianinazzi	 S	 (2000)	
Differential	activation	of	H+‐ATPase	genes	by	an	arbuscular	mycorrhizal	fungus	in	
root	cells	of	transgenic	tobacco.	Planta	211:	609–13	
Giovannetti	M,	Mosse	B	(1980)	An evaluation of techniques for measuring vesicular 
arbuscular mycorrhizal infection in roots.	New	Phytol	84:	489–500	









Gomez	SK,	Harrison	MJ	 (2009)	Laser	microdissection	and	 its	application	 to	analyze	
gene	expression	in	arbuscular	mycorrhizal	symbiosis.	Pest	Manag	Sci	65:	504–11	
Gomez‐Roldan	V,	Fermas	S,	Brewer	PB,	Puech‐Pagès	V,	Dun	E	a,	Pillot	J‐P,	Letisse	
F,	Matusova	R,	Danoun	S,	Portais	 J‐C,	et	al	 (2008)	 Strigolactone	 inhibition	 of	
shoot	branching.	Nature	455:	189–94	
Govindarajulu	M,	Pfeffer	PE,	 Jin	H,	Abubaker	 J,	Douds	DD,	Allen	 JW,	Bücking	H,	




explains	 signal	 variation	 in	 symbiotic	 calcium	 oscillations.	 Plant	 Physiol	 160:	
2300–10	





A	 Mycorrhizal‐Specific	 Ammonium	 Transporter	 from	 Lotus	 japonicus	 Acquires	
Nitrogen	Released	by	Arbuscular	Mycorrhizal	Fungi.	Plant	Physiol	150:	73–83	
Güimil	S,	Chang	H,	Zhu	T,	Sesma	A,	Osbourn	A,	Roux	C,	 Ioannidis	V,	Oakeley	EJ,	










H,	 Paszkowski	 U	 (2008)	 Arbuscular	 mycorrhiza‐specific	 signaling	 in	 rice	
transcends	the	common	symbiosis	signaling	pathway.	Plant	Cell	20:	2989–3005	
Gutjahr	C,	Gobbato	E,	Choi	J,	Riemann	M,	Johnston	MG,	Summers	W,	Carbonnel	S,	






Handa	Y,	Nishide	H,	Takeda	N,	 Suzuki	Y,	Kawaguchi	M,	 Saito	K	 (2015)	 RNA‐seq	

















Hayashi	S,	Gresshoff	PM,	Ferguson	BJ	 (2014)	Mechanistic	 action	 of	 gibberellins	 in	
legume	nodulation.	J	Integr	Plant	Biol	56:	971–978	
Hayashi	T,	Banba	M,	Shimoda	Y,	Kouchi	H,	Hayashi	M,	Imaizumi‐Anraku	H	(2010)	
A	 dominant	 function	 of	 CCaMK	 in	 intracellular	 accommodation	 of	 bacterial	 and	
fungal	endosymbionts.	Plant	J	63:	141–54	
Heck	C,	Kuhn	H,	Heidt	S,	Walter	S,	Rieger	N,	Requena	N	 (2016)	 Symbiotic	 Fungi	













Helber	 N,	Wippel	 K,	 Sauer	 N,	 Schaarschmidt	 S,	 Hause	 B,	 Requena	 N	 (2011)	 A	
Versatile	 Monosaccharide	 Transporter	 That	 Operates	 in	 the	 Arbuscular	
Mycorrhizal	 Fungus	 Glomus	 sp	 Is	 Crucial	 for	 the	 Symbiotic	 Relationship	 with	
Plants.	Plant	Cell	23:	3812–3823	
Hijikata	N,	Masatake	M,	Tani	C,	Ohtomo	R,	Osaki	M,	Ezawa	T	(2010)	Polyphosphate	
has	 a	 central	 role	 in	 the	 rapid	 and	 massive	 accumulation	 of	 phosphorus	 in	
extraradical	mycelium	of	an	arbuscular	mycorrhizal	fungus.	New	Phytol	186:	263–
264	
Hirsch	S,	Kim	 J,	Muñoz	A,	Heckmann	AB,	Downie	 JA,	Oldroyd	GED	 (2009)	 GRAS	
proteins	form	a	DNA	binding	complex	to	induce	gene	expression	during	nodulation	
signaling	in	Medicago	truncatula.	Plant	Cell	21:	545–57	








Hohnjec	N,	 Czaja‐Hasse	 LF,	Hogekamp	 C,	Küster	H	 (2015)	 Pre‐announcement	 of	







Hohnjec	N,	 Vieweg	M,	 Pühler	A	 (2005)	 Overlaps	 in	 the	 transcriptional	 profiles	 of	
Medicago	 truncatula	 roots	 inoculated	 with	 two	 different	 Glomus	 fungi	 provide	








S,	Sun	 J,	Tadege	M,	et	al	 (2011)	Medicago	 truncatula	 IPD3	 is	 a	member	of	 the	






Gresshoff	 PM	 (2010)	 Inactivation	 of	 duplicated	 nod	 factor	 receptor	 5	 (NFR5)	
genes	 in	 recessive	 loss‐of‐function	 non‐nodulation	 mutants	 of	 allotetraploid	
soybean	(Glycine	max	L.	Merr.).	Plant	Cell	Physiol	51:	201–214	
Ivanov	 S,	Fedorova	EE,	Limpens	E,	De	Mita	 S,	Genre	a.,	Bonfante	P,	Bisseling	T	
(2012)	Rhizobium‐legume	 symbiosis	 shares	 an	 exocytotic	 pathway	 required	 for	
arbuscule	formation.	Proc	Natl	Acad	Sci	109:	8316–8321	
Javot	 H,	 Penmetsa	 RV,	 Terzaghi	 N,	 Cook	 DR,	 Harrison	 MJ	 (2007)	 A	 Medicago	
truncatula	 phosphate	 transporter	 indispensable	 for	 the	 arbuscular	 mycorrhizal	
symbiosis.	Proc	Natl	Acad	Sci	104:	1720–1725	
Javot	H,	Penmetsa	RV,	Breuillin	F,	Bhattarai	KK,	Noar	RD,	Gomez	SK,	Zhang	Q,	Cook	
DR,	Harrison	MJ	 (2011)	 Medicago	 truncatula	 mtpt4	 mutants	 reveal	 a	 role	 for	
nitrogen	 in	 the	 regulation	 of	 arbuscule	 degeneration	 in	 arbuscular	mycorrhizal	
symbiosis.	Plant	J	68:	954–965	







Morandi	 D,	 Barker	 DG,	 Gianinazzi‐Pearson	 V	 (2001)	 Medicago	 truncatula	






Kanamori	 N,	 Madsen	 LH,	 Radutoiu	 S,	 Frantescu	 M,	 Quistgaard	 EMH,	 Miwa	 H,	



















Kistner	C,	Winzer	T,	Pitzschke	A	 (2005)	 Seven	Lotus	 japonicus	 genes	 required	 for	
transcriptional	reprogramming	of	the	root	during	fungal	and	bacterial	symbiosis.	
Plant	Cell	17:	2217–2229	
Kistner	 C,	 Parniske	 M	 (2002)	 Evolution	 of	 signal	 transduction	 in	 intracellular	
symbiosis.	Trends	Plant	Sci	7:	511–518	
Kobae	 Y,	Hata	 S	 (2010)	 Dynamics	 of	 periarbuscular	 membranes	 visualized	 with	 a	
fluorescent	phosphate	 transporter	 in	arbuscular	mycorrhizal	 roots	of	 rice.	Plant	
Cell	Physiol	51:	341–353	
Kobae	 Y,	 Tamura	 Y,	 Takai	 S,	 Banba	 M,	 Hata	 S	 (2010)	 Localized	 expression	 of	
arbuscular	mycorrhiza‐inducible	 ammonium	 transporters	 in	 soybean.	 Plant	 Cell	
Physiol	51:	1411–5	
Koegel	S,	Ait	Lahmidi	N,	Arnould	C,	Chatagnier	O,	Walder	F,	Ineichen	K,	Boller	T,	
Wipf	D,	Wiemken	A,	Courty	PE	 (2013)	 The	 family	 of	 ammonium	 transporters	




E,	 Yoneyama	 K,	 Yoneyama	 K,	 Hershenhorn	 J,	 et	 al	 (2010)	 A	 tomato	
strigolactone‐impaired	 mutant	 displays	 aberrant	 shoot	 morphology	 and	 plant	
interactions.	J	Exp	Bot	61:	1739–49	
Kosuta	 S,	 Chabaud	 M,	 Lougnon	 G	 (2003)	 A	 diffusible	 factor	 from	 arbuscular	










Krajinski	 F,	 Courty	 P‐E,	 Sieh	 D,	 Franken	 P,	 Zhang	 H,	 Bucher	 M,	 Gerlach	 N,	














Küster	 H,	 Vieweg	 MF,	 Manthey	 K,	 Baier	 MC,	 Hohnjec	 N,	 Perlick	 AM	 (2007)	
Identification	and	expression	regulation	of	symbiotically	activated	legume	genes.	
Phytochemistry	68:	8–18	
Lauressergues	 D,	 Delaux	 P‐M,	 Formey	 D,	 Lelandais‐Brière	 C,	 Fort	 S,	 Cottaz	 S,	
Bécard	 G,	 Niebel	 A,	 Roux	 C,	 Combier	 J‐P	 (2012)	 The	 microRNA	 miR171h	
modulates	 arbuscular	 mycorrhizal	 colonization	 of	 Medicago	 truncatula	 by	
targeting	NSP2.	Plant	J	72:	512–22	
Leigh	 J,	 Hodge	 A,	 Fitter	 AH	 (2009)	 Arbuscular	 mycorrhizal	 fungi	 can	 transfer	


















Liu	 J,	Maldonado‐Mendoza	 I,	 Lopez‐Meyer	M,	Cheung	 F,	Town	CD,	Harrison	MJ	
























(2015)	 Differential	 spatio‐temporal	 expression	 of	 carotenoid	 cleavage	
dioxygenases	regulates	apocarotenoid	fluxes	during	AM	symbiosis.	Plant	Sci	230:	
59–69	




















Giraudet	D,	Formey	D,	Niebel	A,	et	al	 (2011)	 Fungal	 lipochitooligosaccharide	
symbiotic	signals	in	arbuscular	mycorrhiza.	Nature	469:	58–63	
Maldonado‐Mendoza	I,	Dewbre	G,	Harrison	M	(2001)	A	phosphate	transporter	gene	







mycorrhiza	 identifies	 a	 collection	 of	 novel	 genes	 induced	 during	 Medicago	
truncatula	root	endosymbioses.	Mol	Plant‐Microbe	Interact	17:	1063–1077	
Marchive	C,	Nikovics	K,	To	A,	Lepiniec	L,	Baud	S	(2014)	Transcriptional	regulation	of	
fatty	 acid	 production	 in	 higher	 plants:	 Molecular	 bases	 and	 biotechnological	
outcomes.	Eur	J	Lipid	Sci	Technol	116:	1332–1343	
McFarlane	HE,	Shin	JJH,	Bird	DA,	Samuels	AL	(2010)	Arabidopsis	ABCG	transporters,	
which	 are	 required	 for	 export	 of	 diverse	 cuticular	 lipids,	 dimerize	 in	 different	
combinations.	Plant	Cell	22:	3066–75	
Messinese	 E,	 Mun	 J‐H,	 Yeun	 LH,	 Jayaraman	 D,	 Rougé	 P,	 Barre	 A,	 Lougnon	 G,	
Schornack	S,	Bono	 J‐J,	Cook	DR,	et	al	 (2007)	A	novel	nuclear	protein	 interacts	
with	 the	 symbiotic	 DMI3	 calcium‐	 and	 calmodulin‐dependent	 protein	 kinase	 of	
Medicago	truncatula.	Mol	Plant‐Microbe	Interact	20:	912–21	
Mitchum	MG,	Yamaguchi	S,	Hanada	A,	Kuwahara	A,	Yoshioka	Y,	Kato	T,	Tabata	S,	
Kamiya	Y,	 Sun	TP	 (2006)	 Distinct	 and	 overlapping	 roles	 of	 two	 gibberellin	 3‐
oxidases	in	Arabidopsis	development.	Plant	J	45:	804–818	
Mitra	RM,	Gleason	C	a,	Edwards	A,	Hadfield	 J,	Downie	 JA,	Oldroyd	GED,	Long	SR	
(2004)	 A	 Ca2+/calmodulin‐dependent	 protein	 kinase	 required	 for	 symbiotic	
nodule	 development:	 Gene	 identification	 by	 transcript‐based	 cloning.	 Proc	 Natl	
Acad	Sci	101:	4701–5	
Mitra	RM,	Shaw	SL,	Long	SR	(2004)	Six	nonnodulating	plant	mutants	defective	for	Nod	










Miyamoto	A,	Kobae	Y,	et	al	 (2014)	 The	 bifunctional	 plant	 receptor,	 OsCERK1,	
regulates	both	chitin‐triggered	immunity	and	arbuscular	mycorrhizal	symbiosis	in	
rice.	Plant	Cell	Physiol	55:	1864‐1872	
Moscatiello	 R,	 Sello	 S,	 Novero	 M,	 Negro	 A,	 Bonfante	 P,	 Navazio	 L	 (2014)	 The	
intracellular	 delivery	 of	 TAT‐aequorin	 reveals	 calcium‐mediated	 sensing	 of	
















Nagahashi	 G,	 Douds	 DD	 (2011)	 The	 effects	 of	 hydroxy	 fatty	 acids	 on	 the	 hyphal	
branching	of	germinated	spores	of	AM	fungi.	Fungal	Biol	115:	351–8	
Nagy	R,	Karandashov	V,	Chague	V,	Kalinkevich	K,	Tamasloukht	M,	Xu	G,	Jakobsen	
I,	 Levy	 AA,	 Amrhein	 N,	 Bucher	 M	 (2005)	 The	 characterization	 of	 novel	
mycorrhiza‐specific	 phosphate	 transporters	 from	 Lycopersicon	 esculentum	 and	
Solanum	 tuberosum	 uncovers	 functional	 redundancy	 in	 symbiotic	 phosphate	
transport	in	solanaceous	species.	Plant	J	42:	236–250	
Navazio	 L,	Moscatiello	R,	Genre	A,	Novero	M,	Baldan	B,	Bonfante	P,	Mariani	 P	
(2007)	 A	 diffusible	 signal	 from	 arbuscular	 mycorrhizal	 fungi	 elicits	 a	 transient	
cytosolic	calcium	elevation	in	host	plant	cells.	Plant	Physiol	144:	673–81	






























fixing	 symbiosomes	 in	 pea	 and	 Medicago	 Spp.	 Mol	 Plant‐Microbe	 Interact	 24:	
1333–44	
Pan	H,	Oztas	O,	Zhang	X,	Wu	X,	 Stonoha	C,	Wang	E,	Wang	B,	Wang	D	 (2016)	 A	
symbiotic	 SNARE	 protein	 generated	 by	 alternative	 termination	 of	 transcription.	
Nat	Plants	2:	15197	
Panikashvili	D,	Shi	 JX,	Bocobza	S,	Franke	RB,	Schreiber	L,	Aharoni	A	 (2010)	The	
arabidopsis	 DSO/ABCG11	 transporter	 affects	 cutin	 metabolism	 in	 reproductive	
organs	and	suberin	in	roots.	Mol	Plant	3:	563–575	
Panikashvili	 D,	 Shi	 JX,	 Schreiber	 L,	 Aharoni	 A	 (2011)	 The	 Arabidopsis	 ABCG13	




Park	H‐J,	 Floss	DS,	 Levesque‐Tremblay	 V,	 Bravo	 A,	Harrison	MJ	 (2015)	 Hyphal	










Paszkowski	 U,	 Kroken	 S,	 Roux	 C,	 Briggs	 SP	 (2002)	 Rice	 phosphate	 transporters	
include	 an	 evolutionarily	 divergent	 gene	 specifically	 activated	 in	 arbuscular	
mycorrhizal	symbiosis.	Proc	Natl	Acad	Sci	99:	13324–13329	
Peiter	E,	Sun	J,	Heckmann	AB,	Venkateshwaran	M,	Riely	BK,	Otegui	MS,	Edwards	A,	
Freshour	G,	Hahn	MG,	 Cook	DR,	 et	 al	 (2007)	 The	Medicago	 truncatula	 DMI1	
protein	modulates	cytosolic	calcium	signaling.	Plant	Physiol	145:	192–203	
Pfeffer	 PE,	 Douds	 DD,	 Bécard	 G,	 Shachar‐Hill	 Y	 (1999)	 Carbon	 Uptake	 and	 the	
Metabolism	and	Transport	of	Lipids	in	an	Arbuscular	Mycorrhiza1.	Plant	Physiol	
120:	587–598	
Pighin	 J	 a,	 Zheng	H,	Balakshin	 LJ,	Goodman	 IP,	Western	TL,	 Jetter	R,	Kunst	 L,	
Samuels	 a	 L	 (2004)	 Plant	 cuticular	 lipid	 export	 requires	 an	 ABC	 transporter.	
Science	306:	702–4	
Pimprikar	P,	Carbonnel	S,	Paries	M,	Katzer	K,	Klingl	V,	Bohmer	MJ,	Karl	L,	Floss	DS,	
Harrison	 MJ,	 Parniske	 M,	 et	 al	 (2016)	 A	 CCaMK‐CYCLOPS‐DELLA	 Complex	
Activates	Transcription	of	RAM1	to	Regulate	Arbuscule	Branching.	Curr	Biol	26:	
987–998	
Prell	 J,	 Poole	 P	 (2006)	 Metabolic	 changes	 of	 rhizobia	 in	 legume	 nodules.	 Trends	
Microbiol	14:	161–168	
Pumplin	N,	Harrison	MJ	 (2009)	Live‐cell	 imaging	 reveals	periarbuscular	membrane	
domains	 and	 organelle	 location	 in	Medicago	 truncatula	 roots	 during	 arbuscular	
mycorrhizal	symbiosis.	Plant	Physiol	151:	809–19	
Pumplin	N,	Mondo	SJ,	Topp	S,	Starker	CG,	Gantt	JS,	Harrison	MJ	 (2010)	Medicago	
truncatula	 Vapyrin	 is	 a	 novel	 protein	 required	 for	 arbuscular	 mycorrhizal	
symbiosis.	Plant	J	61:	482–94	
Pumplin	N,	Zhang	X,	Noar	RD,	Harrison	MJ	(2012)	Polar	localization	of	a	symbiosis‐
specific	 phosphate	 transporter	 is	 mediated	 by	 a	 transient	 reorientation	 of	
secretion.	Proc	Natl	Acad	Sci	109:	E665–72	
Radutoiu	 S,	Madsen	LH,	Madsen	EB,	Felle	HH,	Umehara	Y,	Grønlund	M,	 Sato	 S,	




























Saito	K,	Yoshikawa	M,	Yano	K,	Miwa	H,	Uchida	H,	Asamizu	E,	 Sato	 S,	Tabata	 S,	
Imaizumi‐Anraku	H,	Umehara	Y,	et	al	(2007)	NUCLEOPORIN85	is	required	for	









Sathyanarayanan	 P	 V.,	 Cremo	 CR,	 Poovaiah	 BW	 (2000)	 Plant	 chimeric	
Ca2+/calmodulin‐dependent	protein	kinase.	Role	of	the	neural	visinin‐like	domain	
in	 regulating	 autophosphorylation	 and	 calmodulin	 affinity.	 J	 Biol	 Chem	 275:	
30417–30422	
Sathyanarayanan	P	V.,	Siems	WF,	Jones	JP,	Poovaiah	BW	(2001)	Calcium‐stimulated	









Schaarschmidt	 S,	Roitsch	T,	Hause	B	 (2006)	 Arbuscular	 mycorrhiza	 induces	 gene	
expression	of	the	apoplastic	invertase	LIN6	in	tomato	(Lycopersicon	esculentum)	
roots.	J	Exp	Bot	57:	4015–4023	








affected	 in	 intracellular	 accommodation	 and	 morphogenesis	 of	 arbuscular	
mycorrhizal	fungi.	Plant	J	51:	739–750	
Shachar‐Hill	 Y,	 Pfeffer	 PE,	Douds	 D,	Osman	 SF,	Doner	 LW,	 Ratcliffe	 RG	 (1995)	
Partitioning	 of	 Intermediary	 Carbon	 Metabolism	 in	 Vesicular‐Arbuscular	
Mycorrhizal	Leek.	Plant	Physiol	108:	7–15	
Shimizu	 T,	 Nakano	 T,	 Takamizawa	 D,	 Desaki	 Y,	 Ishii‐Minami	 N,	 Nishizawa	 Y,	














transcriptional	 activator,	 orchestrates	 symbiotic	 root	 nodule	 development.	 Cell	
Host	Microbe	15:	139–52	
Smit	P,	Limpens	E,	Geurts	R,	Fedorova	E,	Dolgikh	E,	Gough	C,	Bisseling	T	 (2007)	
Medicago	LYK3,	 an	entry	 receptor	 in	 rhizobial	nodulation	 factor	 signaling.	Plant	
Physiol	145:	183–91	
Smit	P,	Raedts	J,	Portyanko	V,	Debellé	F,	Gough	C,	Bisseling	T,	Geurts	R	(2005)	NSP1	







Smith	 SE,	 Smith	 FA	 (2011)	 Roles	 of	 arbuscular	 mycorrhizas	 in	 plant	 nutrition	 and	
growth:	new	paradigms	from	cellular	to	ecosystem	scales.	Annu	Rev	Cell	Dev	Biol	
plant	Biol	62:	227–50	
Solaiman	MZ,	 Saito	M	 (1997)	 Use	 of	 sugars	 by	 intraradical	 hyphae	 of	 arbuscular	
mycorrhizal	fungi	revealed	by	radiorespirometry.	New	Phytol	136:	533–538	
Soto	MJ,	Fernández‐Aparicio	M,	Castellanos‐Morales	V,	García‐Garrido	JM,	Ocampo	













Chabaud	 M,	 et	 al	 (2008)	 Large‐scale	 insertional	 mutagenesis	 using	 the	 Tnt1	
retrotransposon	in	the	model	legume	Medicago	truncatula.	Plant	J	54:	335–347	
Takeda	 N,	 Haage	 K,	 Sato	 S,	 Tabata	 S,	 Parniske	 M	 (2011)	 Activation	 of	 a	 Lotus	




































arbuscular	mycorrhizal	 fungus	 provides	 insight	 into	 the	 oldest	 plant	 symbiosis.	
Proc	Natl	Acad	Sci	110:	20117–20122	
To	A,	Joubès	J,	Barthole	G,	Lécureuil	A,	Scagnelli	A,	Jasinski	S,	Lepiniec	L,	Baud	S	











strigolactone	 biosynthesis	 gene	 DWARF27	 is	 co‐opted	 in	 rhizobium	 symbiosis.	
BMC	Plant	Biol	15:	260	











arbuscular	 mycorrhizal	 roots:	 Contributions	 from	 methylerythritol	 phosphate	
pathway	isogenes	and	tools	for	its	manipulation.	Phytochemistry	68:	130–138	
Walter	MH,	Hans	J,	Strack	D	(2002)	Two	distantly	related	genes	encoding	1‐deoxy‐D‐










Weidmann	 S,	 Sanchez	 L,	 Descombin	 J,	 Chatagnier	 O,	 Gianinazzi	 S,	 Gianinazzi‐
Pearson	V	 (2004)	 Fungal	 elicitation	 of	 signal	 transduction‐related	 plant	 genes	





Wright	DP,	Read	DJ,	Scholes	 JD	 (1998)	Mycorrhizal	 sink	 strength	 influences	whole	
plant	carbon	balance	of	Trifolium	repens	L.	Plant,	Cell	Environ	21:	881–891	
Wulf	A,	Manthey	K,	Doll	J	 (2003)	Transcriptional	changes	in	response	to	arbuscular	
mycorrhiza	 development	 in	 the	 model	 plant	 Medicago	 truncatula.	 Mol	 Plant‐
Microbe	Interact	16:	306–314	
Xie	F,	Murray	JD,	Kim	J,	Heckmann	AB,	Edwards	A,	Oldroyd	GED,	Downie	JA	(2012)	
Legume	pectate	 lyase	required	 for	root	 infection	by	rhizobia.	Proc	Natl	Acad	Sci	
109:	633–638	
Xie	X,	Huang	W,	Liu	F,	Tang	N,	Liu	Y,	Lin	H,	Zhao	B	(2013)	Functional	analysis	of	the	



























Kyozuka	 J,	Shirasu	K	 (2012)	The	D3	F‐box	protein	 is	a	key	 component	 in	host	





Zhang	 Q,	 Blaylock	 L	 a,	 Harrison	 MJ	 (2010)	 Two	 Medicago	 truncatula	 half‐ABC	















Table	A1:		 List	 of	 genes	 differentially	 expressed	 in	 wild‐type	 roots	 during	
mycorrhization.	
Table	A2:		 List	of	 genes	 consistently	dependent	on	RAM1	 at	 all	 three	 time	points	
during	mycorrhization.	
Table	A3:		 List	 of	 genes	 consistently	 dependent	 on	NSP1	at	 all	 three	 time	 points	
during	mycorrhization.	




Table	A6:		 List	of	genes	differentially	expressed	 in	nsp1‐1	at	all	 three	time	points	
under	non‐symbiotic	conditions.	
Table	A7:		 List	of	genes	differentially	expressed	 in	nsp2‐2	at	all	 three	time	points	
under	non‐symbiotic	conditions.	
	
